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Abstract 
 
The objective of this project was to provide reliable thermophysical property data, mainly 
density and sound speed, for industrial and academic use. This thesis investigates in detail the 
speed of sound and density of several industrial fluids at pressure up to 400 MPa and 
temperature from 248 K to 473 K. The experimental technique used was based on an ultrasonic 
cell implementing a double-path pulse-echo method with an ultrasound transducer placed 
between two unequally-spaced reflectors. The cell was calibrated in water at T = 298.15 K and 
p = 1 MPa against the speed of sound given by the 1995 equation-of-state formulation of the 
International Association for the Properties of Water and Steam (IAPWS-95) which, for that 
state point, has an uncertainty of ± 0.005 %. In this thesis, the ultrasonic cell was validated by 
water measurement over a wide range of temperature and pressure and was shown to have an 
uncertainty of ± 0.03 %. The uncertainty of the sound speed measurement for other fluids in 
general is less than 0.1 %. In addition, a densimeter was also used. The measured sound speed 
and density combined with the heat capacity can be used to develop advanced analytical 
equations of state and derive all of the thermodynamic properties for key mixtures by 
numerical-integration algorithms. All the thermophysical properties measured in this thesis 
were correlated into equations as a function of temperature and pressure. The correlated 
parameters were calculated by regression analysis in Microsoft Excel. The regression function 
is used to minimize the sum of squares of error of all the data which needs to be fitted into an 
equation. In our regression analysis from Excel, the objective was to fit the data to within the 
target uncertainty using the number of parameters required. Several working fluids were 
studied: pure water, hexafluoropropene (HFP), trifluoro-3-(trifluoromethyl)oxirane (common 
name hexafluoropropylene oxide, HFPO), carbon dioxide, and carbon dioxide + propane 
mixtures. The results extend our understanding of the thermophysical properties of these key 
iii 
 
industrial fluids and may lead to the development of improved thermodynamic models for 
application in air conditioning, refrigeration system and carbon capture and storage 
applications. 
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Chapter 1: Introduction 
 
 
Thermophysical properties, such as density and speed of sound, play very important roles in 
engineering applications, especially for economic and safety reasons. To design an industrial 
process in, for instance, oil and gas or carbon capture and storage projects, reliable equations 
of state (EoS) are needed. Accuracy and thermodynamic consistency in a thermodynamic 
equation of state over a wide range of temperatures and pressures require that all the 
thermophysical properties are calculated within the limits of experimental uncertainty. The 
overall uncertainty of an equation of state in a given region should take experimental and  
correlation uncertainty into account and these regions should be consistent with experimental 
measurements and theoretical considerations.1 One desirable attribute in the development of 
an equation of state is to minimise the number of parameters so as to reduce the computation 
time for the calculation of properties; however, if accuracy requirements cannot be relaxed, 
reducing the number of parameters will be a compromise.  
 
The simplest fluid equations of state are for a pure substance in homogeneous states where 
properties are functions of two independent variables. The most common used independent 
variables are pressure and temperature. Such an equation of state may be expressed as: 
 
                                                                      𝑝 = 𝑝(𝜌, 𝑇),                                                    (1.1) 
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In equation (1.1), p is pressure, ρ is density and T is temperature. Alternatively, other forms of 
equation of state representing both calorimetric and compressibility information can use the 
Helmholtz energy, A, as the primary dependent variable: 
 
                                                                         𝐴 = 𝐴(𝜌, 𝑇),                                                (1.2) 
 
There are several types of equation of state that have been developed, such as cubic equations 
of state. The general form of a cubic equation of state is given below. 
 
                                                             𝑝 =
𝑅𝑇
𝑣−𝑏
+
𝑎
𝑣2+𝑢𝑏𝑣+𝑤𝑏2
,                                            (1.3) 
 
The different cubic equations of state use different values of the parameters of a, b, u and w.2 
Table 1.1 details various common cubic equations of state.  
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Table 1.1, Parameters for selected cubic equation of state from Eq. (1.3) 
pρ(T)=vapour pressure, w=Pitzer acentric factor, v’=saturated liquid volume and v’’= saturated vapour 
volume, B(T)=second virial coefficient. 
Equation of state  u w a b 
Fitted 
properties 
van der Waals 3 0 0 a(Tc, pc) b(Tc, pc) none 
Redlich-Kwong 4 1 0 a(Tc, pc)/T1/2 b(Tc, pc) none 
Soave-Redlich-Kwong 5 1 0 a(T) b(Tc, pc) pρ(T) 
Peng-Robinson 6 2 -1 a(T)  b(Tc, pc) pρ(T) 
Harmens 7 3 -2 a(T)  b(Tc, pc)  pρ(T) 
Harmens-knapp 8 1-w f(w) a(T) b(Tc, pc) pρ(T), Tc 
Schmidt-Wenzel 9 1-w f(w) a(T) b(Tc, pc) pρ(T), v' 
Patel-Teja 10 1-w f(w) a(T) b(Tc, pc) pρ(T), v' 
Adachi et al. 11 f(w) 0 a(T)  b(Tc, pc) pρ(T), v' 
Adachi et al. 11 f(w) u2/4 a(T)  b(Tc, pc)  pρ(T) 
Peneloux et al. 12 f(w) (Zu2-u-1)/9 a(T) b(Tc, pc) pρ(T), v' 
Adachi et al. 13 f(w) f(w) a(T) b(Tc, pc) pρ(T), Tc 
Hamam et al.14 1 0 a(T) b(T) pρ(T), v' 
Kubic 15 f(w) u2/4 a(T) b(T) pρ(T), B(T) 
Fuller 16 f(T) 0 a(T) b(T) pρ(T), v', v'' 
  
 
 
 
Accordingly, the parameters need to be fitted to experimental results within given temperature 
and pressure ranges for the substance of interest, although a and b are typically adjusted to fit 
the experimental critical temperature Tc and pressure pc only. Nowadays, there is a lack of 
understanding for thermophysical properties of alternative refrigerants or for fluids involved in 
new developing technologies, such as carbon capture and storage. For instance, the equation of 
state of pure carbon dioxide is well-developed; however, the thermodynamic behaviour will be 
affected by impurities; thus, for carbon capture and storage applications we require accurate 
equations of state for high concentrations of carbon dioxide with small amount of impurities, 
such as H2S, water and CH4. Experimental data is urgently needed to develop and validate 
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reliable and accurate equations of state. The aim of this thesis is to provide a wide range of 
experimental thermodynamic properties (mainly speed of sound and density) for potential 
refrigerants and provide experimental speed of sound in carbon dioxide and CO2-rich mixtures 
to help improve current equations of state of carbon dioxide containing systems. 
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Chapter 2: Literature review 
 
 
2.1 The history of the speed of sound measurement 
 
In the eighteenth century, several physicists discovered that sound can travel in water for much 
greater distances than in air. At that time, Newton’s Second law which describes the role of 
compressibility in the sound speed in fluids could explain this phenomenon; however, the 
compressibility of water could not yet be measured. Thus, many researchers attempted to solve 
this intriguing problem. At the dawn of the 19th century, the earliest experiment of the speed of 
sound in water was activated by French physicist Francois S Beudant who operated an 
underwater bell and two listeners with clocks at known distances to measure the sound-speed 
of water, giving approximately the value of 1500 m/s;1 this was the first time-of-flight sound-
speed measurement. In 1826, with the help of a chronometer and ear trumpet, the Swiss 
physicist Jean-Daniel Colladon measured the speed of sound in Lake Geneva in order to check 
his results on the compressibility of water with the best possible accuracy and obtained a value 
is of approximately 1435 m/s. But this was only the speed of sound in lake water. 
 
During the First World War, the use of sound echoes to detect submarines was developed in 
the US and the UK. The majority of sound detection devices were based on the use of 
piezoelectric transducers, which had the advantage of being able to produce narrow sound 
beams. During the period 1920 to 1940, scientists decided to use the Newton-Laplace sound 
speed equation to compute the speed of sound in water from its physical properties; for instance, 
density, adiabatic compressibility and specific heat capacity. In 1939, the famous equations 
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were developed by the Japanese naval engineer, Kuwahara. Kuwahara’s tables, coving a wide 
range of pressure, were far more precise and more complete than any previous publications.  
 
In 1948, Weissler showed that the use of an interferometer to measure the speed of sound in 
liquid compared well with the time-of-flight measurements. Del Grosso at the U.S. Naval 
Research Laboratory (NRL), in 1950, used an acoustic interferometer to measure the sound 
speed in sea water. His results indicated that Kuwahara’s values were too low by some (3 to 4) 
m/s.  In 1956 -1957, Greenspan and Tschiegg2 in the U.S. National Bureau of Standards (NBS), 
developed the time-of-flight measurements which precisely measure the travel time across a 
known sound path. The results also indicated difference from Kuwahara’s values. However, 
the values obtained from Greenspann and Tschiegg2 were slightly different from Del Grosso’s,3 
being approximately (0.3 to 0.4) m/s higher. This difference argued that the accuracy of use of 
interferometer in Del Grosso’s case was better than 0.1 m/s. As a result, NRL stopped 
establishing the new interferometer system to measure the speed of sound and then Del Grosso 
started to concentrate on problems associated with interferometers. Between 1964 and 1968, 
Del Grosso summarized that diffraction corrections were minimized by an appropriate ratio of 
the transducer diameter to the acoustic cell diameter and the uncertainty of sound speed 
measured by an interferometer could not be less than 0.35 m/s.4 Meanwhile, the time-of-flight 
measurements for the speed of sound were improved by several researchers; for example, 
McSkimin,5 Barlow and Yazgan,6 Carnvale et al.7 and Williamson8 for time-of-flight, fixed 
path, measurements and Brooks,9 Kroebel and Mahar10 for time-of-flight, variable path 
measurements. Now the speed of sound could be measured precisely. In 1995, Estrada-
Alexanders, Trusler and Zarari11 described methods by which all the observable 
thermodynamic properties; for example, the compressibility factor and the heat capacity, can 
be precisely determined from sound-speed data by numerical integration of a pair of partial 
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differential equations. It indicates that all the thermodynamic properties of fluids can be easily 
obtained from the speed of sound measurements because there are only two variables, the 
pressure and temperature, required to control in an experiment. Therefore, the speed of sound 
measurement can be used for a wide range of applications. For instance, Hurly12 determined 
the thermophysical properties of CF4 and C2F6 from speed of sound measurement over a wide 
range of temperature from 210 K to 475 K and pressure range of 0.1 MPa to 1.5 MPa. Daridon 
et al.13 evaluated the isentropic and isothermal compressibility of hexane from the speed of 
sound in the temperature range from 293 K to 373 K and at pressures up to 150 MPa and Davila 
and Trusler11 measured the speed of sound of mixtures of n-methyl-2-pyrrolidinone and 
methanol at temperatures between 298.15 K and 343.15 K and pressures up to 60 MPa, in 
addition, they used the data of the speed of sound, they obtained the density, isobaric specific 
heat capacity, and other thermodynamic properties of the same mixtures at same temperatures 
and pressures. 
 
 
2.2 Sound speed and density measurement techniques 
 
2.2.1 Fixed path with time-delay measurement for speed of sound 
The first ultrasonic “pulse-type” velocimeter was invented by Carnevale and Litovitz. By 
following this idea, Grenspann and Tschiegg (G-T) at the NBS and Dudley Taylor, Wilson at 
the National Oceanographic Laboratory (NOL) developed laboratory velocimeters. The main 
difference between these two speed of sound instruments was that the NBS instrument had not 
been designed for measurements under pressure; however, the NOL could measure different 
pressures in a pressure vessel. In general, this type of velocimeter consists of a 10 to 20 cm 
long thick cylindrical cell made of chromium- or nickel-steel tube and two precisely-positioned 
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quartz crystals, one used as a transmitter and the other as a receiver (Fig 2.1). The distance 
between two crystals was measured with the greatest possible accuracy; also, the temperature 
was precisely known. If L is the distance between the opposite surfaces of the crystals and t is 
the round-trip travel time of the sound wave from the transmitting crystal to the reflector and 
back then the speed of sound in the medium is given by u = 2L/t. However, due to unknown 
time delay between the electric triggering and resulting sound pulse generated in a medium, 
the travel time, t, is difficult to measure precisely; thus, it will increase inaccuracy of the speed 
of sound.  
 
 
 
Figure 2.1, Schematic of the axial cut of the instrument. Q is quartz and S is space for the 
springs applied to each quartz. 
 
 
2.2.2 Interferometric measurements of the speed of sound 
The interferometric sound-speed equipment of Del Grosso at the NOL shown in Fig. 2.2 
consisted of a measuring cell, transmitting quartz and a moveable plane reflector, in addition, 
a thermometer and a mechanical stirrer were required in order to remain the constant 
temperature. Unlike “pulse-type” velocimeters, an interferometric speed of sound 
measurement requires a standing wave situation. The principle of the measurement is that the 
standing wave pattern is altered when the distance between the transducer and the moveable 
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reflector plane is changed. Then, a displacement of one half wavelength will produce the same 
wave pattern as the original standing wave. Therefore, the speed of sound can be calculated 
from the frequency and the measured wavelength. However, the challenge of this measurement 
is how to find that the most precise way to determine that an identical pattern was achieved. If 
a one half wavelength was incorrectly measured, the speed of sound will be strongly affected. 
The example of interferometric velocimeter designed by NRL is given below.4 
 
 
 
 
 
 
 
 
 
Figure 2.2, The interferometer for measurements of the sound speed under pressure.4 Here, 
Q, in the waterproof acoustic cell (AC), is the transmitting quartz which is electrically 
connected by E, and S is the main shaft which can slide up and down. R is a moveable reflector 
 
 
 
2.2.3 Differential paths and time-delays measurement for speed of sound  
The unknown time delay increases uncertainty of the speed of sound measurement; thus, in 
order to solve the issues of a pulse-type velocimeter, the differential path velocimeter was 
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invented. A transducer and a receiving hydrophone are immersed in water in a tank with 
constant temperature. The principle is similar with a pulse-type velocimeter, If L is the distance 
between a transducer and a receiving hydrophone and t is the travel time of sound wave from 
a transducer to hydrophone. Then, the speed of sound in the water is given by u=L/(t-tx), where 
tx is an unknown, not measureable time delay. If measurements are measured for two different 
path lengths L1 and L2, the speed of sound will be given by  
 
                                               𝑢 =
𝐿1
(𝑡1−𝑡𝑥)
=
𝐿2
(𝑡2−𝑡𝑥)
=
𝐿1−𝐿2
𝑡1−𝑡2
 ,                                               (2.1) 
 
so that tx is eliminated. However, the distance difference, L1-L2, may be difficult to measure 
precisely. In 1960, Books used an aluminium tank filled with distilled water at room 
temperature and precisely mounted reflectors as L2 = 2L1. The aim of this type of instrument 
was to achieve accuracy in the speed of sound of ± 0.01 m/s, but the temperature issues reduced 
it to ± 0.04 m/s. There are three limitations in these systems: (1) measurements cannot be made 
at different pressures; (2) the dimensions of a tank make it difficult to maintain an accuracy of 
temperature within ± 0.001 K; and (3) the distance difference, L1-L2, is difficult to measure 
precisely. Ball and Trusler14 improved this type of instrument and were able to measure the 
speed of sound more precisely than previous differential path and time delays velocimeters. 
Their design overcame the temperature issues by decreasing the dimensions of the container; 
in addition, the speed of sound could be measured under high pressure. Fig 2.3 shows the 
ultrasonic cell Ball and Trusler used. The conical cavity in the rear of the reflector was included 
to disperse sound trasmitted into the reflector to unwanted reflections.15  
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Figure 2.3, The ultrasonic cell designed by Trusler 
and Ball.14 1, conical cavity; 2, reflectors; 3, quartz spacers; 4, clamping discs; 5, transducer; 
6, electrical connections. 
 
 
2.2.4 Speed of sound measurements for the gas phase 
The fixed-volume resonator is suitable for low-frequency measurements and gases which have 
high sound absorption behaviour at ultrasonic frequencies. A wide-bandwidth transducer for 
exciting and detecting a signal is required. The spherical geometry has proved that it is suited 
for measuring the speed of sound of gases with low sound absorption. The main advantages of 
this method are that this geometry eliminate sviscous damping at the surface, leading to very 
sharp resonances the frequency of which can be measured precisely. The resonance frequencies 
are also insensitive to geometric imperfections. A further advantage is to solve the issues of 
interaction between fluid and shell motion.16 The speed of sound can be determined from 
following equation.  
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𝑓𝑙,𝑛 + 𝑖𝑔𝑙,𝑛 =
𝑢𝑣𝑙,𝑛
2𝜋𝑎
+ ∑ (∆𝑓 + 𝑖∆𝑔)𝑗𝑗                                    (2.2) 
 
Here u and a are speed of sound and the internal radius of the spherical resonator, respectively, 
and vl,n is the n-th root of the l-th order Bessel function. The right hand term,  
∑j (Δf+iΔg)j, is the sum of small corrections that account for the energy loss in the thermal 
boundary layer, and the non-zero elastic compliance of the resonators wall. The spherical 
resonator of Moldover et al.17 is shown in Fig. 2.4. The transducers are labelled in T and the 
thermometer is labelled PRT. The pressure vessel was immersed in a stirred liquid bath which 
maintains a fixed temperature.   
 
 
Figure 2.4, The spherical resonator designed by Moldover et al.17 
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2.2.5 Vibrating tube densimeter for density  
There are several methods to measure density of fluids; for example, weighing techniques and 
hydrostatic head techniques. The weighing technique is the measurement of mass change when 
filling a vessel of known volume with fluid. The density will be determined from the known 
mass and volume;18 however, this method is restricted to dense fluids and ambient pressure. 
Nowadays, vibrating body instruments are often recommended to achieve rapidly low 
uncertainty in fluid density measurement.19 One of the vibrating body methods is the vibrating 
U-tube densitometer. The density measurement is relative not absolute; thus, the calibration of 
vibrating tube densitometer is the most important step to achieve a measurement in low 
uncertainty of fluids. The period of oscillation of a tube filled with sample fluid is the property 
measured. The density is calculated from the period of oscillation, temperature and pressure 
using a calibration equation of the form:  
 
                                                  𝜌(𝑝, 𝑇) = 𝐴(𝑝, 𝑇)𝜏2 − 𝐵(𝑝, 𝑇)                                          (2.3) 
 
Here, A and B are parameters determined from calibration and τ is the period of oscillation.  
The working principle is based on the change of the nature frequency of a hollow U-tube when 
filled with different fluids. When a U-tube is under vacuum, the mass is M0. After filling with 
a sample of fluid, the mass increases to M0 + ρV, where ρ(p, T) is the density of the fluid and 
V(p, T) is the volume of the tube. The tube acts as a spring with a stiffness K(p, T), and hence 
the system behaves like a simple harmonic oscillator with resonance frequency 
 
                                                            𝑓 =
1
2𝜋
(
𝐾
𝑀0+𝜌𝑉
)
1
2
                                                     (2.4) 
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Therefore the period of oscillation is  
 
τ = 2π (
𝐾𝑀0+𝜌𝑉
𝐾
)
1
2
                                                 (2.5) 
 
Solving Eq. (2.5) for density and comparing with Eq. (2.3). 
 
𝐴 =
𝐾
4𝜋2𝑉
                                                     (2.6) 
 
𝐵 =
𝑀0
𝑉
                                                       (2.7) 
 
As a result, the A and B coefficient have approximate physical significance.19 At present, there 
are several well-known fluids, such as water, that can be used in the calibration of such 
instruments. Fig 2.5 is a schematic diagram of a vibrating tube densitometer.  
 
 
 
Figure 2.5, Schematic diagram of a vibrating tube densitometer. 
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2.3 Thermodynamic properties from the speed of sound 
 
It is possible to obtain all of the observable thermodynamic properties of a fluid phase directly 
from the speed of sound by integrating the partial differential equations which relate the sound 
speed to these thermodynamic properties. This is useful because some thermodynamic 
properties are difficult to measure, especially at high pressure conditions.  This is achieved by 
specifying initial conditions. However, before accomplishing this, the fundamental 
thermodynamic property relations are necessary.   
 
The speed of sound, c, in a homogeneous fluid at zero frequency assumed to be adiabatic and 
reversible is given by  
 
 𝑐2 = (𝜕𝑝 𝜕𝜌⁄ )𝑆 , (2.8) 
 
                                           
where c is the speed of sound, and  p, ρ and S are the pressure, the mass density and entropy, 
respectively. Recalling Eq. (2.9) and cyclic relation Eq. (2.10) to eliminate the entropy term. 
 
                                                                  (
𝜕𝑧
𝜕𝑥
)
𝑚
= (
𝜕𝑧
𝜕𝑥
)
𝑦
+ (
𝜕𝑧
𝜕𝑦
)
𝑥
(
𝜕𝑦
𝜕𝑥
)
𝑚
  ,                                  (2.9)     
                                   
                                                                   (
𝜕𝑓
𝜕𝑦
)
𝑥
= − (
𝜕𝑓
𝜕𝑥
)
𝑦
,                                                   (2.10) 
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The speed of sound become  
                                                                  
                                                   𝑐−2 = (
𝜕𝜌
𝜕𝑝
)
𝑇
− (
𝜕𝜌
𝜕𝑇
)
𝑝
(
𝜕𝑆
𝜕𝑝
)
𝑇
(
𝜕𝑆
𝜕𝑇
)
𝑝
⁄     ,                            (2.11) 
 
Recalling the definition of isobaric heat capacity Cp  Eq. (2.12) and Maxwell relations Eq. 
(2.13) , we have 
 
                                       𝐶𝑝 = (
𝜕ℎ
𝜕𝑇
)
𝑝
= 𝑇 (
𝜕𝑆
𝜕𝑇
)
𝑝
   ,                                        (2.12) 
 
                                                         (
𝜕𝑆
𝜕𝑝
)
𝑇
= − (
𝜕𝑉
𝜕𝑇
)
𝑝
   ,                                          (2.13) 
 
By combing Eqs. (2.11), (2.12) and (2.13), the speed of sound becomes    
 
                              𝑐−2 = (
𝜕𝜌
𝜕𝑝
)
𝑇
+
𝑇
𝐶𝑝
(
𝜕𝜌
𝜕𝑇
)
𝑝
(
𝜕𝑉
𝜕𝑇
)
𝑝
= (
𝜕𝜌
𝜕𝑝
)
𝑇
+
𝑇
𝐶𝑝
(
𝜕𝜌
𝜕𝑇
)
𝑝
(
𝜕𝑉
𝜕𝜌
)
𝑝
(
𝜕𝜌
𝜕𝑇
)
𝑝
,         (2.14) 
 
And the relation between V and ρ is given      
 
                                                                                 𝑉 = 𝜌−1,                                            (2.15) 
 
Hence, 
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                                                                       𝑐−2 = (
𝜕𝜌
𝜕𝑝
)
𝑇
+
𝑇
𝜌2𝐶𝑝
(
𝜕𝜌
𝜕𝑇
)
𝑝
2
       ,                           (2.16) 
 
Where 
                                  
                                                         (
𝜕𝐶𝑝
𝜕𝑝
)
𝑇
= − (
𝑇
𝜌3
) [2 (
𝜕𝜌
𝜕𝑇
)
𝑝
−2
− 𝜌 (
𝜕2𝜌
𝜕𝑇2
)
𝑝
],                             (2.17)           
 
When the speed of sound is measured over wide ranges of temperature and pressure, the heat 
capacity and density can be obtained over the same ranges by numerical integration starting 
from initial density and heat capacity data. Here in Eq (2.16) and Eq (2.17), c, ρ, Cp and (∂ρ/∂T)p 
are known; thus, (∂ρ/∂p)T and (∂Cp/∂p)T can be obtained. These results can be used to calculate 
ρ(T, p + δp) and Cp(T, p + δp). Here p0 is the initial pressure, often 0.1 MPa. The new ρ(T, p + 
δp) and new Cp(T, p + δp) will be new the initial conditions for the next step in the procedure. 
The new density and capacity can be obtained. Using this method, we can obtain ρ(T, p) and 
Cp(T, p) over the wide region in which the speed of sound was measured. Two initial values, 
or boundary conditions, are required for the integration of a second-order partial differential 
equation. However, the uncertainty of speed of sound measurement and the initial conditions 
will result in uncertainties in the thermodynamic properties obtained from Eqs. (2.16) and 
(2.17).  
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2.4.   Theory of sound absorption 
 
In this study, the ultrasonic absorption in pure carbon dioxide was calculated from following 
equations.20   
 
    𝛼 =
𝐴𝑓2
1+(
𝑓
𝑓𝑐
)2
+ 𝐵𝑓2  ,                                                    (2.18) 
 
                                                    𝑟(theoretical) =
(𝐶𝑃−𝐶𝑣)𝐶𝑣𝑖𝑏
𝐶𝑣(𝐶𝑃−𝐶𝑣𝑖𝑏)
   ,                                       (2.19) 
 
                                                           𝜏𝑇 = 𝜏𝑝𝑠
𝐶𝑃
(𝐶𝑃−𝐶𝑣𝑖𝑏)
   ,                                                 (2.20) 
 
                                                 𝜏𝑝𝑠 = {2𝜋𝑓𝑐(1 − 𝑟)
0.25}−1   ,                                                   (2.21) 
 
                                    𝑟 = 𝐴𝑐𝑓𝑐 𝜋⁄ − 0.25(1 − 2𝐵 𝐴⁄ )(𝐴𝑐𝑓𝑐/𝜋)
2   ,                               (2.22) 
 
Here, c is speed of sound and α is the ultrasonic absorption coefficient which can be calculated 
from the characteristic frequency, fc, parameter A and parameter B from Eq. (2.18). The 
characteristic frequency can be obtained from Eq. (2.19) to Eq. (2.21) with help of specific heat 
at constant pressure, Cp, specific heat at constant volume, Cv, relaxation of total vibrational 
specific heat, Cvib, vibrational relaxation time, τT, relaxation time at constant pressure and 
entropy, τps, and relaxation strength, r. The parameter A was obtained from Eq. (2.22). The 
parameter B represents the absorption at frequencies well above the region of relaxation and 
includes classical absorption which is less than 0.2 % of any measured absorption coefficient; 
hence, it is neglected in Eq. (2.18). Fig.2.6 shows the sound absorption coefficient in carbon 
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dioxide over a wide range of temperatures and pressures using four different frequencies and 
it indicates that sound detection will be difficult above the measurement limit curves, shown 
for 20 mm and 60 mm path lengths, due to high sound absorption coefficient. In order to 
measure the speed of sound in carbon dioxide, we must reduce either the frequency or the 
vibrational relaxation time of the carbon dioxide itself.     
 
 
 
Figure 2.6, Ultrasonic absorption over a wide range of temperatures and pressures in 
different sound frequency. Left top: frequency at 0.5 MHz; right top: frequency at 1 MHz; left 
bottom: frequency at 2 MHz; right bottom: frequency at 5 MHz; ——, p = 10 MPa; ——, p = 
20 MPa; ——, p = 50 MPa; ——, p = 100 MPa; ——, p = 200 MPa; – – – – , saturated liquid; – 
– – – , detection limit (90 % sound absorption) for a 60 mm path length; – – – – –, detection limit 
(90 % sound absorption) for a 20 mm path length. 
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2.5 Review of industrial fluids measured in this thesis  
 
2.5.1 Alternative perfluoroalkenes for air conditioning and refrigeration 
systems applications  
 
Chlorofluorocarbons (CFCs) and hydro chlorofluorocarbons (HCFCs) have been banned 
because, due to the presence of chlorine atoms, they had been damaging the Earth’s ozone layer. 
Hydro-fluorocarbons (HFCs) have been almost phased out in industrial applications due to 
their high Global Warming Potential (GWP). As a result, researchers have attempted to 
discover alternative chemicals to replace CFCs and HCFCs. HFCs, do not damage the Earth’s 
ozone layer but have extremely high Global Warming Potential (GWP); for example, 1300 for 
R134a.21 Therefore, alternative chemicals are being sought to solve this issue, especially, for 
air conditioning and refrigeration systems. Perfluorocarbons (PFCs) were considered as an 
acceptable class of alternative chemicals to replace CFCs in a refrigerator system or air 
conditioning, because of their low ozone depletion potential. However, saturated PFCs, such 
as CF4 and C2F6, have atmospheric lifetimes of several thousand years owing to their stability. 
This indicates that saturated PFCs have higher GWP values. As a consequence, the researchers 
turned to investigate other unsaturated PFCs; for example, tetrafluoroethylene (C2F4) and 
hexafluoropropylene (C3F6), have been suggested to solve this issue. Mcllroy and Tully
22 
claimed that C2F4 and C3F6 react relatively fast with OH radicals. In general, the global and 
yearly averaged lifetimes of C2F4 and C3F6 in the atmosphere are 1.9 days and 6 days, 
respectively.  
Additionally, in order to calculate the GWPs for C2F4 and C3F6, information on reactions 
between C2H4, O3, OH radicals and NO3 radicals are required. Heicklen
23 studied the gas phase 
reaction between C2F4 and O3 at room temperature and pressure between (0.13 and 3.2) kPa, 
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In 1999, Acerboni et al.21 studied the gas phase reaction of C2F4 with O3 and with OH radicals 
and NO3 radicals at 298 K and 96.2 kPa in a homogeneous mixing ratio. They all discovered 
that carbonyl fluoride, CF2O, was the only oxidation product produced. McIlroy and Tully
22 
investigated the reaction between C3F6 and the OH radical over a wide range of temperature 
from T = (293 to 831) K at a total pressure of 97.5 kPa.  Mashino et al.24 used a FT-IR 
spectroscope to study the same reaction at p = 91 kPa and T = 296 K. CF2O and CF3CFO were 
observed as reaction products in this study. CF2O and CF3CFO can be rapid incorporated into 
raindrop in air at least with (5 to 10) days; in a practical applications, aerosols can be used 
without depending on natural conditions. Therefore, CF2O can be converted to HF and CO2 in 
the water phase and CF3CFO is eventually converted to HF and trifluoroacetic acid which is 
CF3COOH, TFA, The chemical reaction is as follows: 
 
CF2O + H2O → 2HF + CO2 
 
The issues would be that TFA is only degraded very slowly in the hydrosphere.25 There is one 
environmental concern, additional amounts of fluorine ions in the natural water network; 
however, compared with global fluorine ions, they can be considered negligible in the water 
phase. Another argument would be that CF2O and CF3CFO, the only oxidation products, could 
also contribute to global warming. Nevertheless, the atmospheric CF2O and CF3CFO lifetimes 
of five to ten days are negligible compared to CFCs. To sum up, the atmospheric degradation 
rate of C2F4 and C3F6 is fast owing to their high reactivity and the oxidation products convert 
rapidly to environmental friendly chemicals; hence, C2F4 and C3F6, unlike CFCs, will not 
damage the ozone layer, and also will not contribute to global warming with high GWPs. The 
GWP for three perfluroalkenes have been investigated for three time horizons with CO2 as the 
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reference gas; C2F4 and C3F6 have low GWP values relative to the other chemicals, such as 
CFCs.    
 
2.5.2 Carbon dioxide  
 
In the past decade, it has been estimated that fossil fuel power generation technologies 
contribute up to 24 % of total greenhouse gas (GHG) over the world. Recently there has been 
interest in reducing carbon dioxide emission to reduce global warming. It is widely believed 
that carbon capture and storage technologies (CCS) can make large scale cuts in atmospheric 
carbon dioxide; thus, investigations of the thermodynamic properties of carbon dioxide are 
required.  There are several thermophsical properties of pure carbon dioxide that have been 
measured such as, density, speed of sound, heat capacity and liquid-vapour equilibrium. 
Carbon capture and storage consists of three main processes: carbon dioxide capture, carbon 
dioxide transportation and carbon dioxide storage. One of the main issues is thermophsical 
behaviour of carbon dioxide affected by small amounts of impurities. It is very difficult to give 
a general definition of the composition of carbon dioxide mixture due to carbon source from 
different capture technologies, such as post-combustion, pre-combustion, and oxyfuel 
combustion. Table 2.1 gives the impurities in carbon dioxide from difference sources. In order 
to safely process and develop CCS, understanding thermophysical behaviour of these mixtures 
plays a key role; however, lack of understanding of the behaviour of carbon dioxide mixtures 
is a fact we have to face. As a result, the experimental data of carbon dioxide and its mixture 
is urgently needed to validate the accuracy of existing equations of state for CO2 and develop 
reliable carbon dioxide mixture equation of state, respectively. 
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Table 2.1, impurities from difference capture technologies.26 
Capture 
Technology CO2 CH4 N2 H2S C2+ CO O2 NOx SOx H2 Ar H2O 
Amine  
>99  
vol% 
<100 
ppm 
<0.17  
vol% trace 
<100 
ppm 
<10 
ppm 
<0.01 
vol% 
<50  
ppm 
<10  
ppm trace trace N/A 
Oxyfuel 
>90  
vol% -- 
<7 (0.6-7) 
vol% trace -- trace 
<3 
 vol% 
<0.25 
vol% 
< 2.5 
vol% trace 
<5  
vol% N/A 
Pre-combustion  
>95.6 
vol% 
350  
ppm 
<0.6  
vol% 
<3.4 
vol% 
<0.01 
vol% 
<0.4 
vol% trace -- -- 
<3  
vol% 
<0.05 
vol% N/A 
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 Chapter 3: Apparatus design and 
experimental procedure 
 
 
3.1 Apparatus for speed of sound measurement in liquids 
 
3.1.1 Ultrasonic cell for low sound absorption fluids  
The apparatus used in the present work was an improved version of the system described 
previously.1-3 It consisted of a dual-path ultrasonic cell located within a stainless-steel pressure 
vessel that was suspended inside a thermostated oil bath. The fluid system comprised a high-
pressure syringe pump, pressure transducer, fill and drain valves and a rupture-disc safety 
device. The system also included a circulation pump and a variable volume storage cell to be 
able to measure the speed of sound in mixtures that are not stable liquids under ambient 
conditions. The maximum working temperature and pressure of the apparatus were 473 K and 
400 MPa, respectively. 
 
The ultrasonic cell used for measuring low sound absorption fluid, shown in Fig. 3.1, consisted 
of a 5 MHz thickness-mode piezoceramic disc transducer held between two stainless steel 
clamping rings, a pair of fused quartz spacer tubes, and a pair of stainless steel reflectors. The 
nominal lengths of the two fused quartz spacer tubes were 20 mm and 30 mm and their inside 
and outside diameter were 18 mm and 22 mm, respectively. The 5 MHz piezoelectric 
transducer (PZT), of 10 mm diameter and 0.4 mm thickness, was made from lead zirconate 
titanate (PbZrO3/PbTiO3) and coated with gold on both surfaces to provide electrodes that were 
in contact with the clamping rings to which the electrical connections were made. Holes around 
the outer edges of the reflectors and the clamping rings permitted filling, draining and 
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evacuation of the interior of the cell. The components of the ultrasonic cell were held together 
by three 2 mm diameter threaded rods that were located at an angle of 2π/3 to each other and 
passed through the reflectors, spacer tubes and clamping rings. Belleville washers were used 
to compensate for differential thermal expansion and thereby maintain tension in the rods. 
 
 
 
Figure 3.1, Cross-sectional view of the 5 MHz ultrasonic cell. 
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To initiate a measurement, the transducer was energized with a five-cycle tone bust of centre 
frequency 5 MHz and peak-to-peak amplitude 10 V produced by a function generator (Agilent 
33120A). This caused a pair of ultrasonic pluses to propagate simultaneously through the liquid 
to either side of the transducer. After reflection at the end faces, the echos returning to the 
transducer produced an output signal. Both the initiation pulse and the echo signals were 
captured by a high-speed digital oscilloscope (Agilent Technologies DSO6012A) operating 
with a bandwidth of 200 MHz and a sampling rate of 2 GHz. The resulting digital record was 
analysed to obtain the difference (t2 – t1) between the round-trip times of flight on the long path, 
L2, and short path, L1, respectively. The speed of sound was then obtained from the simple 
relation 
 
 𝑐 = 2∆𝐿/(∆𝑇 + 𝛿𝑡), (3.1) 
 
where ∆L = (L2 – L1), ∆t = (t2 – t1) and δt is a diffraction correction due to the phase advance 
φ of the ultrasonic pulses relative to a plane wave traversing the same distance.1 The diffraction 
correction δt is given by 
 
 𝛿𝑡 = {𝜑(𝐿2) − 𝜑(𝐿1)} 2𝜋𝑓⁄ , (3.2) 
 
where f is the frequency and φ(L) is the phase advance calculated from the free-field diffraction 
equation for a source of radius b:4, 5  
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 𝐴𝑒𝑥𝑝(𝑖𝜑) = 1 −
4
𝜋
∫ 𝑒𝑥𝑝 [− [
4𝜋𝑖𝑏2
𝜆𝐿
] 𝑐𝑜𝑠2𝜃] 𝑠𝑖𝑛2𝜃𝑑𝜃 
𝜋
2
0
, (3.3) 
 
In the present case, b = 4 mm (the inner radius of the clamping rings) and it was found that this 
correction amounted to less than 0.02 % of the measured transit time difference. The smallness 
of this correction arises both from a partial cancellation between the two terms in Eq. (3.2), and 
from the fact that ΔL was determined by calibration in a fluid of known sound speed; thus, 
there is further cancellation of errors between the calibration and measurement conditions. 
 
In this work, the pathlength difference, ∆L was determined at T0 = 298.15 K and p0 = 1 MPa 
by means of calibration measurements in pure water. The value of the speed of sound at that 
temperature and pressure was taken from IAPWS-95 and is associated with an uncertainty of 
± 0.005 %. The uncertainty of the IAPWS-95 formulation can be verified by comparison with 
the atmospheric-pressure data of Del Grosso and Mader6 which have an uncertainty of only ± 
0.001 %. These authors report c = 1496.636 m·s-1 at T = 298.125 K (corrected to ITS-90) and 
p = 0.101325 MPa, while the value obtained from IAPWS-95 at the same state point is 
1496.634 m·s-1. We preferred a calibration pressure of 1 MPa, rather than ambient pressure, so 
as to be entirely sure that the cell was completely filled with liquid water, free of bubble, even 
in the event of imperfect degassing. 
 
The following formula was used to obtain the variation of the pathlength difference with 
temperature and pressure:3 
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 ∆𝐿(𝑇, 𝑝) = ∆𝐿(𝑇0, 𝑝0) {1 + 𝛼
′(𝑇 − 𝑇0) −
1
3
𝛽′(𝑝 − 𝑝0)},  (3.4) 
 
Here, α’ is the mean value of the linear thermal expansivity α of fused quartz at pressure p0 
over the temperature interval [T0 to T], and β’ is the mean value of the isothermal 
compressibility β of fused quartz at temperature T over the pressure interval [p0 to p]. The 
calibration pressure p0 is sufficiently low for α’ to be derived from atmospheric-pressure data. 
 
The linear thermal expansivity of quartz was reported in three previous studies based on 
measurements with interferometric dilatometers at temperature between 6 K and 800 K7-9. In 
addition, several workers reported mean linear thermal expansivities that are in good agreement 
with the other literature7-9; for examples, Küha and Schadrack10 found α’ = 0.64×10-6 K-1 for 
fused quartz in the temperature interval (293 to 673) K, dropping to 0.57×10-6 K-1 when the 
temperature range was extended to 1254 K. The linear thermal expansivity of fused quartz was 
also obtained from direct measurements of length change by Jacobs et al.11 and Wolff et al.12, 
with results of 0.42×10-6 K-1 and 0.58×10-6 K-1, respectively, in the interval (260 to 300) K. The 
linear thermal expansivity of fused quartz used in this work was obtained by fitting the data 
given in references7-9 at 250 ≤ T/K ≤ 500 to a modified Einstein function given by   
 
 106 𝛼 𝐾−1⁄ = [𝑎1(𝜃 𝑇⁄ )
2exp(𝜃 𝑇⁄ ) {exp(𝜃 𝑇⁄ ) − 1}2⁄ ] − 𝑎2, (3.5) 
 
where a1 = 1.74, a2 = 0.88 and θ = 535 K. The final term in Eq. (3.5) allows for the negative 
values of α found at lower temperatures.8 The good quality of the fit is illustrated in Fig. 3.2.  
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Figure 3.2, The linear thermal expansivity of fused quartz as a function of temperature: , 
Berthold et al.;9 , Okaji et al.;7 , Okaji;8 ———,   Eq. (3.5). 
 
 
The mean value of the linear thermal expansivity was estimated from the following simple 
approximation 
 
 𝛼′ =
1
2
{𝛼(𝑇) + 𝛼(𝑇0)},     (3.6) 
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The isothermal bulk modulus K = β-1 of fused quartz has been measured by various workers 
over wide ranges of temperature and pressure, and the available data sources are detailed in 
Table I. These data have been correlated as a function of temperature and pressure by means 
of the relation 
 
  𝐾 MPa = 𝑏1 − 𝑏2 {(
𝑇
298
K) − 1}
2
⁄ + 𝑏3 {(
𝑇
298
K) − 1} − 𝑏4 {(
𝑝
MPa
) − 1},  (3.7) 
 
with b1 = 36898, b2 = 1419, b3 =4568, and b4 =0.012. Figs. 3 and 4 show that Eq. (3.7) provides 
a good fit to the available data at 250 ≤ T/K ≤ 500 and p ≤ 400 MPa, with a maximum absolute 
relative deviation of 1.5 %. From Eq. (3.7) evaluated at T = 298 K and p = 0.1 MPa, K = 36.9 
GPa which is in good agreement with other reported values13-15 relating to ambient temperature 
and pressure.  
Table 3.1, Summary of the available literature data for the bulk modulus of fused quartz. 
Source Temperature Pressure Method 
McSkin16 (276 to 348) K (0 to 0.36) GPa ultrasonic pulse technique 
Kondo et al.17 ambient (0 to 3) GPa ultrasonic pulse technique 
Schroeder et al.18 ambient (0 to 12) GPa Brillouin scattering measurement 
Polian19 ambient (0 to 2.5) GPa Brillouin scattering measurement 
Yokoyama et al.20 ambient (0 to 6) GPa ultrasonic measurement system a 
Fukuhara et al.21 (298 to 1674) K ambient ultrasonic pulse technique 
Fukuhara et al. 22 (73 to 400) K ambient ultrasonic pulse technique 
Polian et al.19, 23 (300 to 2300) K ambient Brillouin scattering measurement 
a combined with in situ synchrotron x-ray diffraction and radiographic techniques 
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Figure 3.3, The bulk modulus of fused quartz as a function of pressure at T ≈  298 K: , 
McSkimin;16 , Yokoyama et al.;20 , Polian et al.;23, Kondo et al.;17 , Tsiok et al.;24  
———,  Eq. (3.7) evaluated at T = 298 K. 
 
Figure 3.4, The bulk modulus of fused quartz as a function of temperature at ambient pressure: 
, Fukuhara et al.;22 , Fukuhara et al.;13, 21 , Polian et al.;23 , McSkimin;14 , Tsiok et 
al.;24 , Kondo et al.;17 , Yokoyama et al.;20  ———,  Eq. (3.7) evaluated at p = 0.1 MPa. 
 
36 
 
The mean isothermal compressibility at temperature T was estimated from the following 
simple approximation: 
 
 𝛽′ =
1
2
{𝛽(𝑇, 𝑝) + 𝛽(𝑇, 𝑝0)}, (3.8) 
 
The correction for the effect of temperature on the pathlength difference is very small. For 
example, at a constant pressure of 1 MPa, the relative thermal expansion computed from Eqs. 
(3.4) to (3.6) between temperatures T0 and 473.15 K amounts to ± 0.010 %. A more accurate 
calculation, by integration of the relation α = dlnΔL/dT, gives 0.012 %, thus justifying the 
approximate treatment implied by Eqs. (3.4) and (3.6). The effect of pressure on the pathlength 
difference is larger but still small. For example, at a constant temperature of 298 K, the relative 
change in ΔL computed from Eqs. (3.4), (3.7) and (3.8) between pressures of p0 and 400 MPa 
amounts to -0.037 %. Integration of β = -3dlnΔL/dp gives the same result to the precision 
quoted, justifying the simple approximation implied by Eqs. (3.4) and (3.8). The combined 
effect of the uncertainties of α and β, and of the approximations used, is estimated to be less 
than ± 0.001 % and is therefore negligible in the contact of this work. As discussed below, the 
mechanical stability of the assembly is in fact the limiting factor in determining the uncertainty 
of ΔL. 
 
The pressure vessel and the ultrasonic cell were located in a thermostatic bath (Fluke model 
6020) filled with a silicone oil (Dow Corning type 200/10) which can provide temperature 
stability and uniformity of ± 0.005 K over the entire range of temperature from 253 K to 473 K. 
In order to achieve temperatures below ambient, a heat-exchanger device was used in the bath 
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through which alcohol from a refrigerated circulator was passed. The temperatures of the 
pressure vessel was measured with a platinum resistance thermometers (Fluke model 5615) 
which was calibrated at the temperature of the triple point of water and by comparison at 
temperatures up to 473 K with a standard platinum resistance thermometer having an expanded 
uncertainty of ± 0.002 K in the present temperature range. The estimated standard uncertainty 
of the temperature measurements was uT = ± 0.015 K. 
 
The pressure transducer (Honeywell model TJE/60000) used to measure the system pressure 
was calibrated prior to this work at pressures up to 400 MPa against a DH-Budenberg model 
5300 S2 class pressure balance having a relative uncertainty of ± 0.005 %. The atmospheric 
pressure was measured with a digital barometer located in the same laboratory with an 
expanded uncertainty of ± 0.005 MPa. The standard uncertainty up of the calibration, including 
the effects of non-repeatability, hysteresis, non-linearity, was the larger of ± 0.05 MPa and ± 
410-4p. To improve stability, the temperature of the pressure transducer was controlled at 
313.15 K during both calibration and use. In order to compensate for sensor drift over time, the 
reading of the pressure transducer was periodically zeroed under vacuum. The calibration was 
checked after completing the present measurements at pressures up to 260 MPa by comparison 
with a DH-Budenberg model 580EHX class A pressure balance having a relative uncertainty 
of ± 0.008 %. The largest deviation found was 0.24 MPa at p = 260 MPa, fractionally 0.09 %. 
Taking both the initial calibration and the later check measurements into account, the estimated 
standard uncertainty of the reported experimental pressures was taken to be the larger of ± 0.05 
MPa and ± 610-4p.  
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3.1.2 Ultrasonic cell for high sound absorption fluids  
 
The apparatus used in this work for fluids with high sound absorption was a modified version 
of the system described previously, but operating at the lower frequency of either 0.5 MHz or 
2 MHz1-3. It consisted of a dual-path ultrasonic cell shown in Fig. 3.5 located within a stainless-
steel pressure vessel that was suspended inside a thermostated oil bath. As in section 3.1.1, the 
fluid system comprised a high-pressure syringe pump, pressure transducer, fill and drain valves 
and a rupture-disc safety device. The ultrasonic cell consists of two reflectors made of Type 
316 stainless steel, a piezoceramic transducer; and a pair of unequal length Type 316 stainless 
steel spacer tubes. The PZT transducer was held by the clamping spacer tubes of unequal length 
that provide an electrical contact. The holes in the spacer tubes were used for filling and 
evacuating the cell. All the components were held by three 2 mm diameter threaded rods 
located at an angle of 2π/3 to each other and pass through upper reflector and two spacer tubes. 
The treaded rods were covered by thin PTFE insulation material to prevent a short circuit across 
the transducer. The transducer was made from lead zirconate titanate (PbZrO3/PbTiO3) and 
was operated at the resonant frequency; in addition, this transducer, of 18 mm diameter and 
either 2 mm or 8 mm thickness, was coated with gold on both surfaces to aid electrical contact.  
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Figure 3.5, Cross-sectional view of the 0.5 and 2 MHz ultrasonic cell. 
 
 
The working principle of system was described in a previous study1 and the equipment was the 
same as already described for the 5 MHz system. The speed of sound was then obtained from 
the simple relation Eqs. (3.1). For the low-frequency system, the diffraction correction was 
neglected due to relative high measurement uncertainty.  
 
In this work, the pathlength difference, ∆L was determined at T0 = 298.15 K and p0 = 1 MPa 
by means of calibration measurements in pure water. The value of the speed of sound at that 
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temperature and pressure was taken from IAPWS-95 and is associated with an uncertainty of 
± 0.005 %. Eq. (3.4) was used to obtain the variation of the pathlength difference with 
temperature and pressure.3 Where, α’ is the mean value of the linear thermal expansivity α of 
stainless steel at pressure p0 over the temperature interval [T0 to T], and β’ is the mean value of 
the isothermal compressibility β of stainless steel at temperature T over the pressure interval 
[p0 to p]. The linear thermal expansivity of stainless steel was obtained by fitting the data given 
in references7-9 at 200 ≤ T/K ≤ 500 to an Einstein function (3.5), where a1 = 1.686, a2 = 0 and 
θ = 397.36 K.1 As was mentioned above, the mean linear thermal expansivity can be expressed 
as the mean linear thermal expansivity which is defined as a constant is the average value 
between evaluated pressure and reference temperature, 298 K.  The relation is given by Eq (3-
6). The isothermal bulk modulus K = β-1 of steel can be obtained in following equation by 
fitting data provided from Kaye and Laby.10 
 
 𝐾 MPa⁄ = 〈𝑏〉1 − 〈𝑏〉2(𝑇/300K) + 〈𝑏〉3(𝑇/300 𝐾)
2 (3.9) 
 
In equation (3.9), 〈𝑏〉1 =  234481.4, 〈𝑏〉2 = 108505, 〈𝑏〉3 =  20587. The mean isothermal 
compressibility is defined as a constant which is the average value of isothermal 
compressibility between evaluated pressure and reference pressure, 0.1 MPa. The relation is 
given in Eq (3.8). 
 
3.1.3 Variable volume cell and circulation pump   
In order to measure speed of sound in mixtures, such as the mixture of carbon dioxide and 
propane studied in this work, that are not liquids under ambient conditions, a variable volume 
cell and a circulation pump were needed. The function of the variable volume cell was to act 
as a high pressure vessel which could store the mixture sample at a constant pressure, in this 
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case 12 MPa, as a single homogenous phase. The vessel is shown in Fig.3.6. It was fabricated 
from stainless steel type 316 which exhibits a good combination of strength and corrosion 
resistance and it is 22.9 cm in length, 6.9 cm in diameter and has internal volume of 150 cm3. 
The maximum working pressure of this design is 25 MPa at temperatures up to 323 K.  A 
moveable piston was located in the cylinder vessel which was thereby divided into two 
chambers: one for the sample and the other for the pressurising medium. The gas inlet port 
provides a path to fill one chamber at a fixed pressure by connecting high pressure nitrogen 
cylinder. Sample was injected into storage chamber before injecting into the speed of sound 
apparatus.  
 
 
 
Figure 3.6, The variable volume cell, (1) an cylindrical body, (2) an internal piston, (3) a piston 
resisted screw disk and (4) a bolted cover cap. The function requires two ports which are inlet 
gas port and sample inlet/outlet port. 
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To form a homogeneous fluid mixture in the closed high-pressure system, a circulation pump, 
shown in Fig 3.7, was used. This pump could operate up to at pressure 400 MPa. In this study, 
after filling sample into the system, the circulation pump was run for at last 0.5 hour to mix the 
fluid and provide a homogenous state. The pump cylinder is fabricated from a commercially-
available high-pressure nipple that is 100 mm in length, with an outside diameter of 14.3 mm, 
and an inside diameter of 4.8 mm. The inside diameter was perfectly honed to be 5.00 mm to 
reduce the friction between magnetic piston and the internal cylinder wall. The piston is made 
of magnetic stainless steel, type 431, and is 32 mm length, 4.97 mm in diameter to fit within 
the 5.00 mm nipple and had an internal bore of 2 mm diameter. The top of the piston is 
machined to form a 90° conical space for a 3 mm diameter ruby ball which acts as the first 
check valve. The second check valve is located in the top of nipple, which is fixed by a groove 
of 5.5 mm diameter. A stainless steel support is inserted to contain the excursion of the piston 
and prevent it from falling outside the magnetic field.       
   
 
 
Figure 3.7, The circulation pump, (1) check valve ball, (2) check valve, (3) piston ball, (4) 
magnet piston, (5) pump cylinder, (6) bobbin and (7) stainless steel support. 
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The piston is magnetically driven upward and downward by a double coil surrounding the 
nipple, which is mounted on an aluminium bobbin. The motion of the piston is based on a 
sinusoidal wave function. The amplitude and the frequency of the driving current were 
regulated to obtain the desired flow rate. 
 
3.2 Apparatus for density measurement 
 
A high pressure vibrating tube densimeter (DMA HP) was used in this study and the 
experimental set up is shown in Fig. 3.8. The temperature and pressure range of the densimeter 
are (283 to 473) K and (0 to 70) MPa. This densimeter uses a 2 ml U-shaped vibrating tube the 
oscillation of period of which is measured with a resolution of 0.01μs. The temperature of the 
densimeter was controlled by an integrated Peltier thermostat with uncertainty of ± 0.01 K. A 
Pt100 thermometer located in a thermowell in the cellblock was used to measure the 
temperature and a hand pump was used to inject HFP and HFPO and raise the fluid pressure 
up to 70 MPa. 
1
2
3 4
5
6
 
Figure 3.8, Schematic of density apparatus. 1. sample reservoir; 2, hand pump; 3, vibrating 
tube densimeter; 4, thermometer; 5, pressure transducer; 6, pressure relief valve. 
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The pressure transducer was calibrated at room temperature by a pneumatic calibrator (Fluke-
DHI model PPCH-G-70M). The relative uncertainty of pressure transducer is ± 0.05% that is 
no more than ± 0.035 MPa. In addition, the expanded uncertainty of temperature is ± 0.05 K 
calibrated in previous study.25 The density was obtained from Eq. (2.3). In equation (2.3), A 
and B are parameters determined by calibration with fluids of known density. In this study, two 
different calibration strategies were used: one based on water + vacuum only; the other based 
on water + argon + vacuum. We would like to investigate the measurement difference using 
by these two calibration methods. The results shows us the second calibration method will have 
more accurate measurement due to wide range of density measured in this study.    For the 
calibration based on water + vacuum, the parameters A and B are given by A(H2O) and B(H2O), 
respectively. 
 
                                                       𝐴(𝐻20)(𝑝, 𝑇) =
𝜌𝑤(𝑝,𝑇)
𝜏𝑤
2 (𝑝,𝑇)−𝜏0
2(𝑇)
 ,                                       (3.10) 
                                         
                                                      𝐵(𝐻2𝑂)(𝑝, 𝑇) =
𝜌𝑤(𝑝,𝑇)𝜏0
2(𝑇)
𝜏𝑤
2 (𝑝,𝑇)−𝜏0
2(𝑇)
  ,                                      (3.11) 
 
The parameter A(H2O) and B(H2O), τ0 were correlated by following equation as a function of 
temperature, pressure and temperature only, respectively.   
 
                                                  𝐴(𝐻20) = 𝑎1 + 𝑎2𝑇 + 𝑎3𝑇
2 + 𝑎4𝑝 + 𝑎5𝑇𝑝   ,                  (3.12) 
 
                                                𝐵(𝐻20) = 𝑏1 + 𝑏2𝑇 + 𝑏3𝑇
2 + 𝑏4𝑝 + 𝑏5𝑇𝑝       ,                 (3.13) 
 
                                                             𝜏0
2 = 𝑐1 + 𝑐2𝑇 + 𝑐3𝑇
2    ,                                      (3.14) 
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Table 3.2, The coefficients of correlation Eqs. (3.12), (3.13) and (3.14) 
a1 0.000967 b1 5748.658 c1 5946176 
a2 -2.779234×10-7 b2 -0.174696 c2 1518.74 
a3 -4.078456×10-11 b3 -7.7301×10-5 c3 0.698144 
a4 -1.302351×10-8 b4 -0.07727294   
a5 -6.786750×10-12 b5 -6.45887×10-5     
 
 
 
Here, τw (p, T) and ρw (p, T) are the period of oscillation and the density of pure water at given 
pressure and temperature, and τ0 (T) is the period of oscillation under vacuum at given 
temperature. ρw was obtained from the IAPWS-95 equation of state with uncertainty of ± 0.01 
% at the temperature and pressure covered by this study.26 Second calibration system was used 
two reference fluids, in this study, pure water and argon, and measured the period of oscillation 
under vacuum to determine density. The parameter of A and B are defined as A(Ar+H2O)  and 
B(Ar+H2O) which are given by    
 
                                                                  𝐴(Ar+H2O) = 𝑑1 + 𝑑2𝑝,                                    (3.15) 
 
                                                             𝐵(Ar+H2O) = 𝑒1 + 𝑒2𝑝 + 𝑒3𝑝
2,                             (3.16) 
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A(Ar+H2O)  and B(Ar+H2O) are the correlation result from known water density,
26 argon density27 
and zero density at given pressures on different isotherms.  
 
Table 3.3, The coefficients of correlation Eqs. (3.15, 3.16) 
T/K 283.15 298.15 323.15 348.15 373.15 398.15 423.15 448.15 473.15 
d1 0.000964 0.00096 0.000953 0.000946 0.000939 0.000931 0.000924 0.000917 0.00091 
d2 -4.6×10-9 -5.1×10-9 -7.5×10-9 -6.3×10-9 -6.9×10-9 -6.5×10-9 -6.7×10-9 -7.1×10-9 -7.4×10-9 
e1 5747.79 5746.16 -741.42 5736.46 5731.07 5725.5 5720.14 5714.66 5709.78 
e2 -0.018822 -0.022434 -0.039045 -0.031327 -0.035097 -0.032493 -0.034487 -0.037121 -0.039552 
e3 8.3×10-7 7.2×10-7 1.9×10-7 7.5×10-7 2.5×10-7 4.3×10-7 8.4×10-7 7.3×10-7 2.3×10-7 
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Chapter 4: Experimental sound speed 
results and discussion in pure water 
system 
 
 
4.1 Introduction 
Water is a very common and extremely important substance, and knowledge of its 
thermophysical properties is required in many diverse areas of science and engineering. It is 
also commonly used as a reference fluid for the calibration of measuring apparatus. Thus, 
various thermodynamic and transport properties of water have been studied extensively over 
wide ranges of temperatures and pressures, and the experimental results have been incorporated 
into mathematical models. In particular, the thermodynamic properties of water have been 
represented very precisely by means of a multi-parameter equations of state developed by 
Wagner and Pruss1 and adopted by the International Association for the Properties of Water 
and Steam in the IAPWS-95 formulation. 
 
Amongst the thermodynamic properties of compressed liquid water, the speed of sound is one 
of the less-well studied. Highly accurate results are available at ambient pressure and 
temperatures between (273 and 368) K.2 Fujii3 reported speed of sound in water at pressures 
up to 200 MPa, with a relative uncertainty of ± 0.005 %, but these data are restricted to 
temperatures between (303 and 323) K. The study of Benedetto et al.4 extends over a wider 
temperature range of (274 to 394) K with pressures up to 90 MPa and a relative uncertainty of 
0.05 %. Other available sound-speed data are characterised by larger uncertainties. 
Accordingly, the stated relative uncertainty of IAPWS-95 for the speed of sound in liquid water 
ranges up to ± 1 % and is in fact undefined at p > 200 MPa and T > 320 K.  A further limitation 
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of our present knowledge is that few measurements of thermodynamic properties have been 
reported at temperatures below 273.15 K for either stable or metastable states of liquid water. 
Wagner and Pruss1 mention in their assessment of the available data that new measurements 
of the speed of sound would be useful if extended to wider ranges of temperature and pressure 
with relative uncertainties of 0.03 % or better. Thus, the first objective of the present work was 
to provide new data of reduced uncertainty at pressures up to 400 MPa in a wide range of 
temperatures from, or below, the equilibrium freezing curve up to T = 473.15 K. A second 
objective was to perform a detailed analysis of the uncertainties in the speed of sound and to 
validate it by comparison with previously published data in the most well-studied regions of 
temperature and pressure. 
 
We report the speed of sound c in pure water at temperatures between (253.15 and 473.15) K 
at pressures up to 400 MPa. From these results, and values of the density ρ and isobaric specific 
heat capacity cp at a low pressure, we have computed ρ, cp and other properties of compressed 
liquid water by thermodynamic integration. We compare both the directly measured c and the 
derived ρ and cp with the IAPWS-95 formulation and draw conclusions. We also show that the 
expanded relative uncertainty of the speed of sound is between ± 0.03 % and ± 0.04 % in the 
full range of states investigated, at a 95 % confidence interval. 
 
4.2 Experimental results 
Ultrapure deionized water was used in this study. It was obtained from a water purification 
system (Millipore Direct-Q 3 UV) which produced water with a resistivity ≥ 18 MΩ·cm and a 
total organic carbon mass fraction of < 5·10-9. The water was filtered (pore size 0.22 µm) and 
degassed under vacuum, with stirring, immediately prior to filling of the ultrasonic cell.     
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The speed of sound in water was measured along twelve isotherms at T = (253.15 263.28, 
273.21, 293.16, 303.14, 313.16, 323.16, 333.18, 373.18, 413.18, 453.15 and 473.14) K and at 
pressure between (1 and 400) MPa. However, since freezing occurs at pressure below 111 MPa 
at T = 263 K and 195 MPa at T = 253 K, the lower pressure bound was adjusted at these 
temperatures. A few measurements were made in metastable liquid water at p < 111 MPa on 
the isotherm T = 263.15  K but freezing prevented a more extensive study of this region. The 
upper pressure bound at T = 253.15 K was limited by the freezing curve to less than 246 MPa.  
In order to stay above the vapour pressure, the lower pressure bound was increased to 2 MPa 
at the higher temperature of (453.15 and 473.14) K. 
 
In this work, the pathlength difference ΔL was determined at the reference temperature of 
298.15 K and a low pressure by calibration in the water. The speed of sound at the calibration 
point was obtained from the IAPWS-95 equation of state and was subject to a relative 
uncertainty of ± 0.005 %.3 It was found experimentally that, after initial assembly and 
calibration, some dimensional changes occurred upon temperature and/or pressure cycling. 
However, after several such cycles the sensor became remarkably stable. Accordingly, the 
calibration of the sensor was initially performed after a number of cycles through the working 
temperature range and it was repeated at the conclusion of the measurements along isotherms. 
 
The measurements along each isotherm started at the lowest pressure and proceeded in 
increments to the highest, after which the pressure was returned to the initial value for a check 
measurements. In all cases the magnitude of the relative change in the speed of sound between 
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the initial measurement and the final check measurement at the same temperature and pressure 
was ± 0.008 % or less. This verifies that the sensor and the sample were stable during the 
measurements along each individual isotherm. 
 
Following the completion of the isotherms, measurements were made along the isobar at 
p = 2 MPa starting at T = 298.15 K, which was the calibration point, decreasing to 
T = 273.15 K, then increasing to each higher experimental temperature in turn up to 
T = 473.15 K, and finally returning to the initial temperature. The magnitude of the relative 
change in the speed of sound between the initial and final measurements on this isobar was ± 
0.011 %. The value of the speed of sound measured at each T ≥ 273.15 K was compared with 
that obtained during the measurements on the corresponding isotherm and a constant scaling 
factor was applied to the latter to account for any observed differences. The magnitude of the 
relative corrections applied in this way was never greater than 0.071 %. As a further stability 
check, a second isobar was also measured at a pressure of 1 MPa with temperatures up to 
413.15 K. The values of the speed of sound obtained on the two isobars are shown in Fig. 4.1 
as deviations from the predictions of the IAPWS-95 equation of state. The results obtained on 
the two isobars are consistent to within ± 0.011 % and, together with the checks made on each 
isotherm, imply that relative uncertainty δc associated with irreversible changes in the 
dimensions of the sensor or the purity of the sample were 1.3·10-4c or less. The overall standard 
uncertainty uc of the speed of sound was estimated from the relation 
 
 𝑢𝑐
2 = {(𝜕𝑐/𝜕𝑇)𝑝𝑢𝑇}
2
+ {(𝜕𝑐/𝜕𝑝)𝑇𝑢𝑝}
2
+ {𝛿𝑐}2, (4.1) 
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where uT and up are the standard uncertainties of temperature and pressure discussed above. 
The uncertainty uc varies between ± (0.2 and 0.4) m·s
-1 over the region of temperature and 
pressure investigated. The fractional standard uncertainty uc/c varies from ± 0.014 %, at low 
pressure and near ambient temperature, to at most ± 0.020 % along the isobar at 400 MPa and 
the isotherm at 473 K; uc/c also rises to ± 0.02 % for the measurements at T = 253 K. Thus the 
overall expanded uncertainty is between ± 0.03 % and ± 0.04 % with coverage factors of 2 (for 
a 95 % confidence interval). 
 
 
Figure 4.1, Deviations of the experimental speed of sound cexp in water from the values ccalc 
calculated from the IAPWS-95 equation of state. Symbols: , isobar at p = 1 MPa; , isobar 
at p = 2 MPa. Solid square and solid diamond are check points at T = 298.15 K and p = (1 and 
2) MPa, respectively. 
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The speeds of sound along the isotherms are given in Table 4.1 and shown in Fig. 4.2.  
Table 4.1, Speed of sound c in liquid water at temperature T and pressure p. 
 
p/MPa c/(m·s-1) p/MPa c/(m·s-1) p/MPa c/(m·s-1) p/MPa c/(m·s-1) 
T = 253.20 K T = 273.21 K T = 293.16 K T = 303.14 K 
200.01 1682.2 1.14 1403.9 0.99 1483.9 1.02 1510.6 
210.05 1702.8 5.16 1410.0 5.01 1490.4 5.01 1517.2 
220.23 1723.1 10.27 1418.4 10.04 1498.6 10.00 1525.6 
230.06 1741.4 15.06 1425.6 15.12 1507.1 14.75 1533.6 
240.17 1760.7 25.28 1442.3 25.03 1523.5 25.02 1551.0 
200.03 1682.7 50.78 1486.5 49.96 1565.4 50.26 1593.3 
  75.12 1530.6 74.85 1607.5 75.06 1634.7 
T = 263.28 K 99.69 1576.0 100.07 1650.0 100.07 1675.8 
75.30 1477.0 125.25 1623.2 125.00 1691.7 124.97 1716.4 
100.08 1526.7 149.71 1668.2 150.02 1733.0 150.03 1756.5 
125.09 1577.2 175.40 1714.3 175.10 1773.6 175.09 1795.8 
150.06 1626.9 200.20 1757.3 200.03 1813.2 200.14 1834.3 
175.16 1675.6 225.04 1799.9 225.17 1852.2 225.00 1871.8 
200.34 1723.1 249.75 1840.9 250.12 1890.0 249.81 1908.2 
225.67 1769.3 275.41 1882.1 275.01 1926.7 275.03 1944.4 
249.93 1812.0 300.64 1921.4 300.07 1962.8 300.34 1979.8 
275.00 1854.5 350.42 1995.6 350.00 2032.2 350.09 2047.2 
300.03 1895.5 375.16 2030.9 399.53 2099.4 400.09 2111.8 
350.50 1974.3 400.01 2066.0 1.21 1484.2 1.00 1510.5 
375.39 2011.2 1.02 1403.7     
401.45 2048.7       
150.08 1626.9             
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p/MPa c/(m·s-1) p/MPa c/(m·s-1) p/MPa c/(m·s-1) p/MPa c/(m·s-1) 
T=313.16 K T = 323.16 K T = 333.18 K T = 373.18 K 
1.07 1545.3 1.03 1544.3 1.12 1552.7 1.11 1545.3 
4.99 1554 5.03 1551.5 4.93 1559.7 5.17 1554 
10.00 1564.1 10.02 1560.3 10.10 1569.1 9.92 1564.1 
15.08 1575.3 15.09 1569.3 14.91 1577.9 15.24 1575.3 
25.11 1595.3 25.12 1586.8 20.08 1587.1 25.05 1595.3 
49.73 1644.6 50.57 1630.5 24.92 1595.8 50.23 1644.6 
75.34 1690.2 75.13 1671.5 29.95 1604.7 74.88 1690.1 
100.18 1735.1 100.37 1712.8 50.12 1639.8 100.39 1735.1 
125.00 1776.4 125.14 1752.3 75.08 1682.1 124.89 1776.3 
150.11 1816.1 150.04 1791.1 100.01 1723.1 149.53 1816.1 
175.03 1855.6 175.00 1829.1 125.08 1763.2 175.02 1855.6 
200.10 1893.3 200.16 1866.5 150.11 1802.0 200.22 1893.3 
224.99 1929.7 225.31 1902.9 175.08 1839.7 225.37 1929.7 
250.14 1964.5 250.31 1938.2 200.17 1876.6 250.21 1964.5 
274.99 1998.2 275.67 1973.1 225.09 1912.3 274.88 1998.2 
300.25 2032 300.11 2006.1 250.08 1947.3 300.33 2032.0 
353.74 2095.1 350.38 2071.7 274.94 1981.3 349.77 2095.1 
400.11 2156.2 400.89 2134.8 300.00 2014.8 400.19 2156.2 
1.02 1545.3 0.98 1544.2 350.44 2079.7 1.07 1545.3 
    398.84 2138.3   
        1.22 1552.9     
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p/MPa c/(m·s-1) p/MPa c/(m·s-1) p/MPa c/(m·s-1) 
T = 413.18 K T = 453.15 K T = 473.14 K 
1.06 1487.4 2.09 1393.7 1.95 1331.8 
5.05 1497.9 5.20 1403.7 5.55 1345.1 
10.03 1510.5 10.26 1419.9 9.91 1360.6 
14.99 1522.9 15.12 1434.9 15.16 1378.8 
25.35 1547.9 25.69 1466.0 25.49 1412.8 
50.41 1604.7 50.65 1533.3 50.73 1488.0 
75.14 1656.6 75.29 1593.3 75.29 1552.8 
100.37 1706.1 100.69 1649.9 100.31 1612.7 
125.33 1752 125.34 1700.9 125.55 1668.1 
150.33 1795.7 150.12 1748.7 150.71 1719.3 
175.19 1837.0 175.16 1794.4 176.66 1768.9 
200.12 1876.5 200.25 1837.7 200.89 1812.4 
225.19 1914.7 225.18 1878.4 225.31 1854.0 
250.27 1951.5 250.41 1917.8 251.64 1896.7 
275.14 1986.7 275.12 1954.9 275.30 1933.4 
300.28 2021.3 300.15 1991.1 300.26 1970.5 
350.02 2086.4 350.62 2060.0 350.71 2041.7 
400.05 2148.2 399.88 2123.0 393.70 2094.5 
1.07 1487.4 2.05 1393.7 1.95 1331.9 
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Figure 4.2, The experimental speeds of sound c in pure water as a function of pressure: , T 
= 253.20 K; , T = 263.28 K; , T = 273.21 K; , T = 293.16 K; , T = 303.14 K;, T = 
313.16 K; , T = 323.16 K; , T = 333.18 K; , T = 373.18 K; , T = 413.18 K;  , T = 
453.15 K; ―, T = 473.14 K. Solid line: speeds of sound calculated from IAPWS-95. 

 
For purposes of thermodynamic integration, it is useful to have a correlation of the data, 
although it is not easy to fit data covering such large ranges of temperature and pressure to 
within their uncertainty. In the present case, the results were correlated by means of the implicit 
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 (𝑝 − 𝑝0)/MPa = ∑ ∑ 𝑎𝑖𝑗((𝑢 − 𝑢0)/(m · s
−1))𝑖(𝑇0/𝑇)
𝑗3
𝑗=0
4
𝑖=1  (4.2) 
 
Here, p0 = 0.1 MPa, T0 = 300 K, and c0 is the speed of sound at pressure p0 which was 
correlated as a function of temperature as follows: 
 
 𝑐0 (m · s
−1)⁄ = ∑ 𝑏𝑗(𝑇/𝑇0)
𝑗7
𝑗=−4  (4.3) 
 
The fitting proceeded as follows: first, Eq. (4.2) was fitted to each individual isotherm to 
determine c0(T); next, the paramaters of Eq. (4.3) were fit to c0(T); and finally, parameters aij 
in Eq. (4.2) were optimised in a fit to all of the data. We found that when i = (1 to 3), the 
maximum deviation is 0.85 %; thus, i = (1 to 4) was used to achieve our target uncertainty. 
However, for the two isotherms at T < 273.15 K, it was not possible to determine a reliable 
value of c0 by fitting along an isotherm as the experimental data did not extend down to 
sufficiently low pressures; therefore, c0 was calculated from IAPWS-95 at those two 
temperatures. In fitting c0(T), b-3, b-2, b0, b2, b3, b5 were all set equal to zero leading to six non-
zero parameters in Eq. (4.3). The coefficients of the fit are given in Table 4.2. 
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Table 4.2, The coefficients of fitting Eqs. (4.2), (4.3), (4.6) and (4.7). 
a10 -6.462689×10
-1 a20 -5.483820×10
-3 a30 2.775202×10
-6 a40 1.228929×10
-9 
a11 1.100536 a21 1.868520×10
-2 a31 -6.995566×10
-6 a41 -5.279129×10
-9 
a12 1.157852 a22 -1.823371×10
-2 a32 3.321712×10
-6 a42 7.992004×10
-9 
a13 -1.009160 a23 4.950225×10
-3 a33 1.298353×10
-6 a43 -4.125395×10
-9 
b-4 -2.865737×10
2 b7 -8.392639E×10
1 c1 -3.959303×10
4 d-1 2.978876×10
3 
b-1 6.741434×10
2 c-3 -5.313576×10
3 c2 1.327844×10
4 d0 -3.308114×10
3 
b1 1.475934×10
3 c-2 2.656543×10
4 c3 -1.893405×10
3 d1 2.064563×10
3 
b4 -5.363834×10
2 c-1 -5.582386×10
4 d-3 2.823085×10
2 d2 -6.846225×10
2 
b6 2.580254×10
2 c0 6.377655×10
4 d-2 -1.423382×10
3 d3 9.455246×10
1 
 
 
 
The goodness of fit is conveniently described in terms of the average absolute relative deviation 
∆AAD and the maximum absolute relative deviation ∆MAD for each property. For the speed of 
sound, Eqs. (4.2) and (4.3) fitted the experimental data with ∆AAD = ± 0.03 % and ∆MAD = ± 
0.15 %. Fig. 4.3 shows the deviations of the experimental data from the fitting equations. 
Although the fit is not perfect it is adequate for our purpose. 
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Figure 4.3, Deviations of the experimental speed of sound in water cexp from the values cfit 
given by equations. (4-2) and (4-3). 
 
 
 
4.3. Derived thermodynamic properties 
The thermodynamic properties of water have been obtained by numerical integration of the 
following system of partial differential equations (2-16) and (2-17). The solution of equation. 
(2-16) and (2-17) is subject to prescribed initial values of density ρ(T, p) and isobaric specific 
heat capacity cp(T, p) at p = p0. This is a useful procedure because the uncertainty of properties 
computed from the IAPWS-95 increases with pressure and so it is likely that the results of the 
thermodynamic integration will have lower uncertainty than IAPWS-95 at high pressures, 
while having the same uncertainty at the initial pressure. The simple predictor-corrector 
algorithm described previously5 was used with step lengths δp = 0.1 MPa and δT = 10 K.  
 
-0.15
-0.10
-0.05
0.00
0.05
0.10
0.15
0 100 200 300 400
10
2
(c
ex
p
-c
fi
t)
/c
fi
t
p/MPa
62 
 
For computational convenience, the initial density ρ0(T) = ρ(T, p = p0) and isobaric specific 
heat capacity and cp,0 = cp(T, p = p0) at p0 = 0.1 MPa were calculated from IAPWS-95 and then 
correlated as function of temperature by means of the following equations: 
 
 𝜌0 (kg ∙ m
−3) = ∑ 𝑐𝑗(𝑇/𝑇0 )
𝑗3
𝑗=−3⁄ , (4.4) 
 
 𝑐𝑝,0 (kJ ∙ kg
−1 ∙ K−1) = ∑ 𝑑𝑗(𝑇/𝑇0 )
𝑗3
𝑗=−3⁄ , (4.5) 
 
Here, T0 = 300 K and the coefficients cj, dj are given in Table 4.2. Eq. (4.4) represents ρ0 with 
∆AAD = 0.001% and ∆MAD = 0.008%, while Eq. (4.5) represents cp,0 with ∆AAD = 0.03 % and 
∆MAD = 0.18 %; in both cases the maximum deviations occur at T = 253.15 K.  
 
The reference pressure of 0.1 MPa used here represents metastable states of liquid water at 
both T < 273.15 K and T ≥ 372.76 K. In the higher temperature range, it seems likely that the 
IAPWS-95 equation of state extrapolates to these metastable states with negligible additional 
uncertainty. IAPWS-95 does not provide uncertainty estimates in the supercooled region and 
so an independent assessment has been made for the isobar at p = p0 at T ≤ 273.15 K. For this 
purpose, we consider the available experimental data for sound speed c0 as well as density ρ0 
and isobaric specific heat capacity cp,0 and compare them with Eqs. (4.2), (4.4) and (4.5) in Fig. 
4.4.  
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Figure 4.4, Deviations of the experimental speed of sound c, density ρ and isobaric specific heat 
capacity cp in supercooled water at p = 0.1 MPa from Eqs. (4.3), (4.4) and (4.5), respectively: , Conde 
et al.;6 , Teixerira and Leblond;7 , Trinh and Apfel;8 , Vance and Brown;9 —, Hare and Sorensen;10 
, Hare and Sorensen;11 , Kell;12 , Zheleznyi;13 ,  Sotani et al.;14 , Angell et al.;15 , Angell et 
al.;16 , Archer and Carter.17 
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Fig. 4.4 (a) shows c0. Trinh and Apfel
18 and Conde et al.6 estimated the relative uncertainty of 
their speeds of sound in supercooled water to be ± 0.6%, while Teixeira and Leblond7 give an 
uncertainty of ± 0.4 %, and Vance9 a value of ± 0.3 %. Below about 265 K, the results of Conde 
et al.6 show increasing positive deviations and disagree with both Eq. (4.2) and the other 
available data. Of the remaining seven data points, five agree with Eq. (4.2) to within 0.2 % 
while two others deviate by about -1 %. Fig. 4.4(b) shows ρ0 and includes the results of 
Zheleznyi13, Hare and Sorensen,10, 11 Kell12 and Sotani et al.14 Of these sources, the data of 
Kell12 and Sotani et al.14 are considered to be the most reliable with uncertainties of about 0.01 
%. Both data sets deviate from Eq. (4.6) and the IAPWS-95 model by about ± 0.01 % at 
T = 273.15 K and stay within ±0.015 % down to T = 250 K. Fig. 4.4(c) shows cp,0 for which 
there are three available literature sources in the sub-cooled region.15-17 The most reliable data 
appear to be those of Archer and Carter17 with a claimed mean uncertainty of ± 0.4 % and a 
maximum uncertainty of approximately ± 0.8 % at T = 250 K. These data agree quite well with 
those of Angell et al.15, 16 On the basis of these comparisons we assume, for purposes of 
estimating the uncertainty of the derived properties, that the relative uncertainties of c0, ρ0 and 
cp,0 each increase linearly with decreasing temperature between T = 273.15 K and T = 253.15 
K. For c0 the estimated relative uncertainty increases over that temperature range from ± 0.1 % 
to ± 1 %; for ρ0 it increases from ± 0.01 % to ± 0.02 %; and for cp,0 is increases from ± 0.2 % 
to ± 1 %. 
 
Table 4.3 and Table 4.4 give the derived results for density and isobaric specific heat capacity, 
respectively. The derivative properties of isothermal compressibility, 
TT pρρκ )/(
1   , and 
isobaric expansivity, pTρρα )/(
1   , were also calculated and are provided as 
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Supplementary Material along with more extensive tables of ρ and cp. Results for metastable 
states of liquid water within the investigated region are also included. 
 
 
 
Table 4.3, Density ρ of water at temperature T and pressure p.a 
ρ/(kg·m-3) 
p/MPa 253.15 K 273.15 K 298.15 K 323.15 K 348.15 K 373.15 K 398.15 K 423.15 K 448.15 K 473.15 K 
0.1 993.65 999.85 997.05 988.02 974.85 958.35 938.93 916.78 891.79 863.51 
50 1022.90 1023.83 1018.46 1008.69 995.79 980.29 962.53 942.70 920.90 897.06 
100 1047.88 1045.28 1037.91 1027.45 1014.64 999.80 983.15 964.86 945.08 923.84 
150 1069.44 1064.54 1055.66 1044.61 1031.82 1017.44 1001.59 984.41 966.03 946.54 
200 1088.37 1081.97 1071.97 1060.43 1047.63 1033.59 1018.36 1002.02 984.69 966.47 
250 1105.28 1097.91 1087.07 1075.14 1062.32 1048.54 1033.79 1018.12 1001.6 984.36 
300 1120.63 1112.61 1101.15 1088.90 1076.04 1062.47 1048.11 1032.98 1017.13 1000.68 
350 1134.71 1126.28 1114.34 1101.83 1088.94 1075.54 1061.51 1046.83 1031.53 1015.74 
400 1147.72 1139.06 1126.77 1114.05 1101.13 1087.87 1074.11 1059.81 1044.98 1029.75 
a Entries in italics refer to metastable states of liquid water. 
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Table 4.4, Isobaric specific heat capacity cp of water at temperature T and pressure p.a 
cp /(J·kg-1·K-1) 
p/MPa 253.15 K 273.15 K 298.15 K 323.15 K 348.15 K 373.15 K 398.15 K 423.15 K 448.15 K 473.15 K 
0.1 4393 4218 4182 4182 4192 4216 4254 4309 4387 4507 
50 4025 4017 4061 4083 4096 4115 4142 4177 4218 4275 
100 3831 3889 3977 4009 4022 4037 4058 4082 4106 4135 
150 3716 3805 3918 3954 3964 3975 3991 4009 4024 4039 
200 3630 3746 3876 3913 3919 3924 3937 3951 3960 3968 
250 3553 3700 3846 3882 3883 3883 3892 3903 3909 3912 
300 3477 3661 3824 3859 3854 3850 3854 3862 3866 3868 
350 3398 3626 3808 3843 3832 3821 3821 3827 3830 3832 
400 3314 3592 3795 3831 3815 3798 3794 3797 3800 3803 
a Entries in italics refer to metastable states of liquid water. 
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A sensitivity analysis was carried out to estimate the uncertainties in the derived properties 
arising from the separate contributions of uncertainties in the speed of sound and in the initial 
values. In the analysis, we perturbed in turn each of c(T, p), ρ0 and cp,0 in a simple way 
consistent with the estimated uncertainty. The analysis considered first the region at T ≥ 273.15 
K in which the uncertainty of the initial values is specified by IAPWS-95. The uncertainties at 
T < 273.15 K, where our analysis includes a large metastable region, are discussed further 
below. Given the experimental uncertainty and, especially, the imperfections in the surface fit 
for c(T, p), we looked at the effect of increasing all values by 0.1 %. This had only a very small 
effect on the derived values of density, varying from zero at p = p0 to approximately -0.04 % 
along the isobar at p = 400 MPa. The isothermal compressibility κT was found to change by an 
average of -0.15 %, with the greatest change being -0.23% at T = 263.15 K and p = 390 MPa. 
Except at T ≤ 273.15 K, the relative changes in the isobaric expansivity α were within 
approximately ± 0.5% at all temperatures and pressures. At lower temperatures, where α 
becomes very small, larger relative changes were found amounting to, at worst, -1.5 % at T = 
273.15 K and p = 40 MPa; however, the changes were no more than ± 0.03 × 10-4 K-1. The 
effect on cp was found to vary from zero at p = p0 to about -0.08% along the isobar at p = 400 
MPa.  
 
For density, the effect of changing ρ0 by 0.01% was investigated. This value was chosen as it 
encompasses both the largest relative uncertainty specified in IAPWS for saturated liquid water 
at T ≥ 273.15 K and the maximum relative deviation observed. The main effect of this 
perturbation was changed all derived values of density by the same relative amount. The effects 
on κT and cp were within ±0.05 % and ±0.003 %, respectively, and the derived values of α were 
changed by approximately ± 0.5 % except for a few points below 50 MPa at T = (273.15 and 
283.15) K where the relative changes were up to ± 1 %. Since the solution method is sensitive 
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to the values of α on the initial isobar, we also investigated the effect of a relative perturbation 
to ρ0 given by a linear function of T varying from -0.01 % at T = 253.15 K to +0.01 % at 
T = 473.15 K. This perturbation influenced the derived value of density by no more than ± 
0.01 %, affected κT by between (-0.08 and 0.04) %, decreased α by approximately 0.5% (expect 
for a few points at low pressure where the change reached -1 %), and increased cp by no more 
than ± 0.02 %.  
 
A relative perturbation of ± 0.2 % was considered for cp,0 as this is consistent with both the 
uncertainty of IAPWS for this property of saturated liquids water and the largest deviations 
found from Eq.(15). Increasing all values of cp,0 by ± 0.2 % was found to reduce all derived 
densities by ± 0.05 %, to change the derived κT by (-0.06 to 0.04) %, and to change α by ± 
0.6 %, except for a few points at low pressure at T = (273.15 and 283.15) K. The effect on cp 
itself was to increment all values by approximately 0.2 % 
 
Considering the combined effects of the uncertainties in the initial conditions and in the speed 
of sound, we estimate that the relative uncertainties of derived properties are approximately 0.2 
% for cp, 0.25 % for κT and 1 % for α at all state points with T ≥ 273.15 K. For density, also at 
T ≥ 273.15 K, the relative uncertainty increases from ± 0.01 % at p = 0.1 MPa to ± 0.04 % 
along the isotherm at p = 400 MPa. As discussed above, the uncertainties of c0 and of the initial 
values ρ0 and cp,0 increase in the super-cooled region. Accordingly, the uncertainties of the 
derived quantities must also increase at T < 273.15 K and, based on our analysis, we estimate 
that the uncertainty of each derived property increases linearly with decreasing temperature 
along each isobar, reaching at T = 253.15 K five times the estimated uncertainty at T = 273.15 
K. 
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4.4. Discussion 
 
Fig. 4.5 compares the speed of sound in water measured by this work with values from the 
IAPWS-95 equation of state. In the low pressure region up to 100 MPa, our results are in good 
agreement with IAPWS-95 with relative deviation within ±0 .07 %; these may be compared 
with the uncertainties of IAPWS-95 in this region which are ± 0.1 % for 273 ≤ T/K ≤ 400, 
except between (298 and 323) K where it is ± 0.03 %, and ± 0.2 % for T > 400 K. At higher 
pressures, deviations expand to span a band of ± 0.3 %, whereas the uncertainty ascribed to 
IAPWS-95 in this region at T > 333 K is either ± 1 % or unspecified. We conclude that, on the 
basis of our results, the relative uncertainty of IAPWS-95 for the sound speed can be 
significantly reduced without changing the formulation itself. 
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Figure 4.5, Deviations of the experimental speeds of sound in water cexp from the values ccalc 
calculated from the IAPWS-95 equation of state: , T = 253.20 K; , T = 263.28 K; , T = 273.21 K; 
, T = 293.16 K; , T = 303.14 K;, T = 313.16 K; , T = 323.16 K; , T = 333.18 K; , T = 373.18 
K; , T = 413.18 K;  , T = 453.15 K; ―, T = 473.14 K. 
 
 
 
In order to compare the present results with previous experimental data, including recent 
measurements not used to determinate IAPWS-95, the data are compared as deviations from 
IAPWS-95 in Fig. 4.6. The present results are in excellent agreement with Benedetto et al.4 at 
T = 273.15 K and pressure up to 90 MPa and in good agreement with most of other 
measurements shown in Fig. 9. Comparison with the measurements of Fujii at T = (303, 313 
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and 323) K and p ≤ 200 MPa is especially informative.3 These data have a standard relative 
uncertainty of just ± 0.005 % and the present results mostly agree to within ± 0.01 %, with the 
maximum relative difference being ± 0.02 %. 
    
The derived density and isobaric specific heat capacity are compared with IAPWS-95 in Figs. 
4.7 and 4.8. The deviations of density except at T = 253.15 K are all within ±0.01 % for 
pressures up to 200 MPa. At higher pressures at T ≥ 273.15 K the deviation band expands to 
reach ± 0.033 % at p = 400 MPa. At lower temperatures, the maximum relative deviations of 
density are ± 0.058 % at T = 253.15 K and the upper melting pressure and ± 0.045 % at 
T = 263.15 K and p = 400 MPa; these deviations may be compared with the stated uncertainty 
of IAPWS-95 of 0.2% in this low-temperature high-pressure region. In terms of deviations of 
isobaric specific heat capacity, except for the isotherm at T = 253.15 K, all the values are in 
good agreement with the IAPWS-95 model to within the specified uncertainty of the latter. At 
T = 253.15 K, the computed cp of stable liquid water deviates by up to ± 10 % from IAPWS-
95, whereas the stated relative uncertainty of the latter is ± 6 %. The isothermal compressibility 
of water at T < 273.15 K has been measured directly by capillary methods by both Speedy19 
and Kanno and Angell20, with claimed relative uncertainties of ± 2 % and ± 1 % respectively. 
These experimental data are compared with the results obtained in the present work in Fig. 4.9 
and good agreement is observed. 
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Figure 4.6, Deviations of experimental speeds of sound in water cexp measured by various workers 
from the values ccalc calculated from the IAPWS-95 equation of state at temperatures from 263 K to 
373 K: , this work; , Fujii;3 , Benedetto et al.;4. , Vance and Brown;9 , Petitet et al.;21 , 
Barlow and Yazgan;22 , Holton et al.23 The solid line represents the interpolated data from Holton.23 
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Figure 4.7, Deviations of densities ρexp determined from the experimental sound speeds from 
the values ρcalc calculated from the IAPWS-95 equation of state at pressure up to 400 MPa: – – 
– – –, T = 273.15 K; ——, T = 293.15 K;  – · – · –, T = 303.15 K; – – – – –, T = 313.15 K; – · – · –, 
T = 323.15 K; – ·· – · –, T = 333.15 K; ········, T = 373.15 K; ─ ·· ─ ·· ─, T = 413.15 K; ─ ─ ─, T = 453.15 K; ─ · 
─ · ─, T = 473.15 K. Insert: ——, T = 253.15 K; ─ ─ ─, T = 263.15 K. 
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Figure 4.8, Deviations of isobaric specific heat capacities cp,exp determined from the 
experimental sound speeds from the values cp,calc calculated from the IAPWS-95 equation of 
state at pressure up to 400 MPa: – – – – –, T = 275.15 K; ——, T = 293.15 K;  – · – · –, T = 303.15 K; – 
– – – –, T = 313.15 K; – · – · –, T = 323.15 K; – ·· – · –, T = 333.15 K; ·······, T = 373.15 K; ─ ·· ─ ·· ─, 
T = 413.15 K; ─ ─ ─, T = 453.15 K; ─ · ─ · ─, T = 473.15 K. Insert: ——, T = 253.15 K; ─ ─ ─, 
T = 263.15 K. 
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Figure 4.9, Isothermal compressibility of liquid water at low temperatures: , p = 0.1 MPa 
19; , p = 10 MPa;20; , p = 50 MPa;20 , p = 100 MPa;20 , p = 150 MPa;20 , p = 190 MPa;20 
—, this work. 
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Chapter 5: Experimental results and 
discussion for hexafluoropropene and 
hexafluoropropylene oxide  
 
 
5.1 The speed of sound in hexafluoropropene and 
hexafluoropropylene Oxide 
 
5.1.1 Introduction 
Hexafluoropropene (HFP) and trifluoro-3-(trifluoromethyl)oxirane (common name 
hexafluoropropylene oxide, HFPO) are fluorochemicals of considerable importance in the 
commercial and industrial sectors. HFP is important as either a starting material or an 
intermediate in the production of various agrochemicals, pharmaceuticals and fluorinated 
polymers.1 It is also the precursor for the production of HFPO,2 a high value fluorochemical 
which finds widespread use in the fluoropolymer industry and also for hydraulic fluids2, 3 and 
lubricants. In addition, HFP also known as refrigerant R-1216 can be considered as an 
alternative for some current hydrofluorocarbon refrigerants that are being phased out due to 
concerns over their relatively high global warming potentials.  
  
Despite the many current and potential applications of HFP and HFPO, measurements of the 
thermodynamic properties of these fluids are relatively scarce. Nevertheless, thermodynamic 
properties of both pure substances have been investigated previously including vapor pressures 
and liquid densities,4-6 and critical properties.7 These measurements were restricted to moderate 
pressures (p < 10 MPa) and temperatures (T < 370 K). Vapor-liquid equilibria of some mixtures 
containing HFP and HFPO have also been reported in the literature.5, 8, 9 From the published 
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data,4, 6 one can see that HFP and HFPO have very similar vapor-liquid equilibrium properties. 
For example, the critical temperature, pressure and density were found to be 358.9 K, 3.136 
MPa and 579.05 kg·m-3, respectively, for HFP and to be 359.3 K, 2.930 MPa and 584.18 kg·m-
3, respectively, for HFPO. The normal boiling temperatures computed from the published 
vapor-pressure correlations4, 6 are 244.53 K for HFP and 244.71 K for HFPO. The present study 
therefore extends over a temperature range from slightly above the normal boiling temperature 
to well above the critical temperature for both substances.  
 
To assess effectively the candidacy of HFP and HFPO for future applications, reliable 
knowledge (through experiment and/or modelling) of the thermophysical properties of these 
fluids, such as density, compressibility, isobaric heat capacity, and enthalpy and entropy 
changes, at elevated pressures and/or temperatures are required, especially for the design and 
implementation of commercial and industrial processes. Direct experimental measurement of 
these properties under extreme conditions remains quite an arduous task. Speed of sound 
measurements in fluids, which can be made at pressures of up to several hundred MPa, when 
combined with appropriate density and isobaric heat capacity data at a reference pressure, such 
as  p = 0.1 MPa, represent an indirect, expedient and highly precise pathway for the 
computation of several thermodynamic properties via thermodynamic integration.10 The 
properties that can be obtained in this way include densities, isobaric and isochoric heat 
capacities, isentropic and isothermal compressibilities, isobaric thermal expansion coefficients, 
thermal pressure coefficients and isenthalpic Joule-Thomson coefficients. Of great significance 
is the role of speed of sound data in the formulation and validation of predictive thermodynamic 
models for fluid properties. Speed of sound values can be used in the fitting of equation of state 
parameters11-13 and can also be employed to test rigorously the predictive capabilities of newly 
proposed and current thermodynamic models.14, 15 Consequently, in addition to vapor pressure 
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and density measurements, sound-speed data are important for the development and testing of 
thermodynamic models such as equations of state, especially in relation to experimental 
conditions inaccessible to other techniques.  
 
In this context, measurements of the speeds of sound have been made for both HFP and HFPO, 
over wide ranges of temperature from 253 K to 473 K and pressure up to 400 MPa. The 
measurements have been carried out with a pulse-echo apparatus that has been tested and used 
before for accurate measurements.13, 16, 17 Prioir to this work, there had been no sound speed 
measurements published either for HFP or HFPO in the open literature. The measurements 
reported here therefore represent an important contribution to the pool of experimental 
thermodynamic data for these substances. 
 
5.1.2 Experimental results 
HFP (CAS  number 116-15-4) and HFPO (CAS number 428-59-1) were both supplied by the 
Nuclear Energy Cooperation of South Africa (NECSA) with stated mole-fraction purities of 
greater than 0.9999 as determined by gas chromatography. Fourier Transform Infrared (FT-IR) 
spectral analyses of the HFPO, carried out with a Perkin-Elmer Spectrum 100 FT-IR 
spectrometer, failed to reveal any impurities and so this substance was used without further 
treatment. On the other hand, FT-IR studies of the HFP suggested the presence of trace amounts 
of HF, probably bound to H2O, and so this substance was further purified over 0.4 nm 
molecular sieve (Sigma Aldrich, type 4A, 1.6 mm diameter) that had been dried under vacuum 
at T = 533 K for 24 hours. FT-IR analysis of the purified HFP showed no residual impurities. 
Fig. 5.1 indicates that, after purification, the HF-H2O impurity had disappeared.
18  
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Figure 5.1, FT-IR spectra of HFP, top: before purification, bottom: after purification. 
 
The sound speed values were measured starting at the lowest pressure on each isotherm and 
proceeding incrementally until the maximum working pressure of 400 MPa was achieved. The 
pressure was then returned to the initial value and an additional check measurement was made 
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before proceeding to the next isotherm. Speeds of sound were measured in HFP along 12 
isotherms at T = (253.27, 273.17, 288.15, 303.14, 323.18, 343.19, 363.15, 383.16, 403.14, 
423.15, 448.15, 473.14) K and the results are presented in Table 5.1 and plotted in Fig. 5.2. For 
HFPO, measurement were made along 6 isotherms at T = (253.15, 283.15, 313.15, 343.15, 
373.15, 403.15) K; the results are presented in Table 5.2 and plotted in Fig. 5.3. The maximum 
deviation between the speeds of sound acquired in the initial and final measurements on each 
isotherm were less than ± 0.6 m·s-1 for both HFP and HFPO.  
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Table 5.1, Experimental speed of sound c for HFP at Temperatures T and Pressure p. a 
p/MPa c/(m·s-1) p/MPa c/(m·s-1) p/MPa c/(m·s-1) p/MPa c/(m·s-1) 
T = 253.27 K T = 273.17 K T = 288.15 K T = 303.14 K 
1.15 575.6 1.13 488.3 5.20 468.9 1.99 370.7 
10.94 645.3 10.40 567.9 1.16 424.2 10.09 463.9 
25.91 728.8 25.04 660.8 10.13 513.8 25.16 576.7 
52.82 844.3 50.15 779.5 25.19 618 50.92 709.3 
75.03 921.1 75.28 871.7 50.08 741.2 75.37 804.5 
100.63 997.3 100.23 949.0 75.44 837.6 100.56 886.5 
125.81 1063 125.43 1017.1 100.17 916.1 125.41 956.2 
151.42 1123.6 150.27 1077.5 125.51 986.4 150.90 1020.1 
174.83 1174.3 175.81 1133.8 150.63 1048.4 175.34 1075.6 
200.45 1224.7 200.70 1184.6 175.25 1103.9 200.83 1129.0 
250.58 1315.5 250.8 1276.7 200.70 1156.6 250.19 1221.9 
299.65 1393.8 300.45 1358.2 250.38 1249.0 300.75 1306.5 
350.19 1468.5 350.82 1432.3 300.04 1331.1 350.30 1381.1 
400.74 1535.4 400.09 1499.6 350.97 1407.7 400.02 1450.2 
        400.41 1475.2     
 
T = 403.14 K T = 423.15 K T = 448.15 K T = 473.14 K 
16.67 288.3 19.60 293.5 25.13 318.1 25.16 298.7 
25.61 375.7 25.10 345.1 50.71 485.0 50.46 462.3 
50.89 537.5 50.80 513.0 75.24 596.6 75.57 576.7 
75.64 647.4 75.40 623.9 100.75 689.4 100.22 666.6 
100.06 737.1 100.71 715.4 125.71 766.5 125.57 745.3 
125.63 813.6 125.32 791.3 150.77 834.5 150.69 814.0 
150.36 880.3 150.16 858.8 175.32 894.5 175.72 875.3 
175.62 941.6 175.41 920.3 200.82 951.6 200.80 931.7 
200.67 997.2 200.52 976.3 250.91 1051.8 250.60 1031.5 
250.50 1096.0 250.42 1075.9 300.78 1139.3 300.64 1119.7 
300.66 1183.8 300.39 1163.6 350.71 1218.3 350.56 1199.0 
350.61 1262.3 350.60 1243.0 400.82 1291.1 400.75 1272.0 
400.28 1333.6 400.92 1315.6 
        
 
a Standard uncertainties u are u(T) = 0.015 K, u(p) = 0.05 MPa for p ≤ 90 MPa, u(p) = 
0.0006p for p > 90 MPa, u(c) = 0.8 m·s-1.   
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Table 5.2, Experimental speed of sound c for HFPO at Temperatures T and Pressure p. a 
p/MPa c/(m·s-1) p/MPa c/(m·s-1) p/MPa c/(m·s-1) p/MPa c/(m·s-1) 
T = 253.15 K T = 283.15 K T = 313.15 K T = 343.15 K 
2.51 571.2 2.50 449.4 2.50 326.6 10.04 332.6 
10.04 623.9 9.99 517.5 10.01 420.6 25.05 471.3 
25.02 708.0 25.00 617.4 25.03 538.8 50.03 614.1 
50.03 816.7 49.99 737.8 50.01 670.9 75.03 718.0 
75.01 903.6 74.99 831.4 75.04 769.9 100.05 803.0 
100.04 977.8 100.05 910.0 100.05 852.0 125.03 875.8 
125.04 1043.1 125.05 978.4 125.04 922.8 150.03 940.5 
150.01 1101.9 150.01 1039.3 150.07 986.2 175.01 999.1 
175.03 1155.8 175.09 1095.2 175.02 1043.4 200.06 1052.9 
200.03 1205.6 200.08 1146.8 200.02 1095.8 250.05 1149.1 
250.06 1295.5 250.01 1239.4 250.02 1190.7 299.96 1234.4 
300.10 1376.5 300.02 1321.5 300.01 1274.7 350.09 1311.5 
350.00 1449.2 350.02 1396.5 350.03 1350.5 400.04 1382.2 
400.12 1516.7 400.12 1465.2 400.06 1420.2 
  
        
T = 373.15 K T = 403.15 K 
  
10.01 255.0 20.01 322.5 
    
24.97 413.4 25.02 367.5 
    
50.06 565.5 50.02 525.9 
    
75.00 673.0 75.05 636.7 
    
100.04 760.0 100.04 725.7 
    
125.04 834.6 125.01 801.5 
    
150.04 900.3 150.04 868.4 
    
175.00 959.8 175.04 928.7 
    
200.07 1014.2 200.05 983.8 
    
249.99 1111.6 250.04 1082.6 
    
300.03 1198.0 299.98 1169.6 
    
350.04 1275.4 350.04 1247.9 
    
400.01 1346.4 399.99 1319.9 
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Figure 5.2, Speeds of sound c for HFP at temperatures T and pressure p. , T = 253.27 K; , 
T = 273.17 K; , T = 288.15 K; , T = 303.14 K; , T = 323.18 K; , T = 343.19 K; , T = 363.15 
K; , T = 383.16 K; , T = 403.14 K ;  —, T = 423.15 K; , T = 448.15 K; , T = 473.14 K.  
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Figure 5.3, Speeds of sound c for HFPO at temperatures T and pressure p. , T = 253.15 K; 
, T = 283.15 K; , T = 313.15 K; , T = 343.15 K; , T = 373.15 K; , T = 403.15 K. 
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fluids. Thus, the lowest pressure studied on each isotherm was constrained by the vapor 
200
400
600
800
1000
1200
1400
0 100 200 300 400
c
/ 
(m
·s
-1
)
p / MPa
87 
 
pressure curve at low temperatures and, at higher temperatures, by the pressure below which 
the density, and hence acoustic impedance, of the fluid were too low to permit sensitive 
measurements. As a result, the starting pressures at which sound speed values were measured 
increased with increasing temperature. The limitation on the maximum temperature at which 
speed of sound values could be obtained for HFPO was due to incompatibility of this chemical 
with the sealing materials of the high pressure vessel at temperatures above 403.15 K and 
probably thermal decomposition of the sample itself. Fig. 5.4 shows the ultrasonic cell after 
exposure to HFPO at a temperature of approximately 423 K. There is clear evidence of 
decomposition of the sample leading to yellow particles of the decomposition products 
adhering to the cell. The lower photo in Fig. 5.4 also shows that the PTFE sealing ring was 
damaged by exposure to HFPO.   
 
Figure 5.4, Photo showing the effects of thermal decomposition of HFPO and reaction with 
the PTFE seal following operation at T = 423 K. 
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For the determination of the combined standard uncertainties u(c) in the speeds of sound for 
HFP and HFPO, the following relation was used: 
                                       
         𝑢(𝑐) = [{(
𝜕𝑐
𝜕𝑇
)
𝑝
𝑢(𝑇)}
2
+ {(
𝜕𝑐
𝜕𝑝
)
𝑇
𝑢(𝑝)}
2
+ {𝑢(𝑐)∗}2]
1 2⁄
          (5.1) 
 
Here, u(T) and u(p) are the standard uncertainties of temperature and pressure, respectively, as 
detailed above. The partial derivatives that appear in Eq. (5.1) were estimated at each 
experimental point from the surface fit equations described below. The remaining term, *)(cu , 
represents the standard repeatability uncertainty. In previous work, with high-purity water,16 
u(c)* was estimated to be ± 1.310-4c and was associated with the repeatability of the path-
length difference ΔL after thermal cycling. In order to estimate the repeatability uncertainties 
in the present study, additional independent experiments were carried out to quantify u(c)* 
after the main series of sound speed measurements for HFP and HFPO. There additional 
measurements were made for HFP and HFPO along isobars at p = 50 MPa and at p = 25 MPa, 
respectively, over the full temperature ranges studied for each substance. The measurements 
along each isobar were carried out twice, with different fillings of the apparatus, to yield two 
sets of sound speed values, which were then compared. As shown in Fig. 5.5 and 5.6 for HFP 
and HFPO, respectively, the greatest relative change of c between the first and second 
measurements was ± 0.1 % for HFP and ± 0.2 % for HFPO. These differences, while small, 
are considerably larger than those found with water and also exceed the uncertainties arising 
from u(T) and u(p); we attribute them largely to the effects of chemical impurities in the sample. 
In view of this, and also of the observed repeatability along an isotherm, the standard 
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repeatability uncertainty was estimated to be ± 510-4c for HFP and ± 110-3c for HFPO. When 
combined with the other terms in Eq. (5.1), the overall standard uncertainties for HFP are 0.8 
m·s-1, while, for HFPO, the overall standard uncertainties are ± 0.8 m·s-1 for c ≤ 800 m·s-1 and 
± 0.001c for c > 800 m·s-1. 
 
 
 
 
 
Figure 5.5, Fractional deviations Δc/c1 = (c2 – c1)/c1 between HFP speeds of sound c measured 
in two independent runs (1 and 2) at p = 50 MPa. 
 
-0.1
0.0
0.1
250 300 350 400 450 500
10
0·
Δ
c/
c 1
T/K
90 
 
 
Figure 5.6, Fractional deviations Δc/c1 = (c2 – c1)/c1 between HFPO speeds of sound measured 
in two independent runs (1 and 2) at p = 25 MPa. 
 
 
5.1.3 Correlation 
 
The present results extend over wide ranges of temperature and pressure ranging from the 
normal liquid into the supercritical region, and the speeds of sound vary greatly within this 
domain. Consequently, it is difficult to find a simple empirical representation of the data in 
terms of temperature and pressure. Nevertheless, correlating the data is a useful test of internal 
consistency and would be required for thermodynamic integration of the data for the purpose 
of obtaining derived thermodynamic properties. In previous work, c3 was found to be a nearly 
linear function of p for a liquid (di-isodecyl phthalate) at low reduced temperatures,13  thus, c3 
could be represented precisely by a polynomial in pressure. In the present case, we find a 
similar situation for c3(p) at low temperatures but see increasing deviations from a polynomial 
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of fixed order when isotherms at increasing temperatures are considered. However, we are able 
to fit every isotherm essentially within experimental uncertainty using the relation 
 
 𝑐 = (𝐴0 + 𝐴1𝑝 + 𝐴2𝑝2 + 𝐴3𝑝3)1 𝑛⁄ ,                 (5.2) 
 
in which A0, A1, A2, A3 and the exponent n are adjustable parameters. Interestingly, the optimal 
value of n was found to be close to 3 at the lowest temperature and to approach 2 at high 
temperatures. The value 2 is indeed expected at high reduced temperatures where p and c2 are 
both polynomial in density. The benefits of adopting a temperature-dependent exponent n are 
illustrated in Fig. 5.7, where we plot for purposes of example the values of cn against p for HFP 
along isotherms with an optimal smooth function for n(T). Plotted in this way, the isotherms 
are nearly linear and easily represented precisely by a polynomial function of p. 
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Figure 5.7,  Comparison of the speeds of sound c for HFP at temperatures T and pressure p 
with Eq (5.3). , T = 253.27 K; , T = 273.17 K; , T = 288.15 K; , T = 303.14 K; , T = 
323.18 K; , T = 343.19 K; , T = 363.15 K; , T = 383.16 K;  , T = 403.14 K ;  —, T = 423.15 
K; , T = 448.15 K; , T = 473.14 K; ———, Eq. (5.3). Insert: exponent n as a function of T 
according to Eq. (5.4). 
 
 
From the isothermal fits, it is possible to estimate the speed of sound extrapolated down to the 
saturated vapor pressure. At the lower temperatures investigated, where this is a short 
extrapolation, the results given in table 5.3 were obtained. The standard uncertainties of the 
sound speed in the saturated liquid given in Table 3 were estimated from the uncertainties in c 
and the differences found between a fit to the whole isotherm and a fit restricted to p ≤ 100 
MPa in which n was constrained to the value 3. For the subcritical isotherm nearest to the 
critical temperature of each substance, the extrapolation was not found to be reliable and hence 
no value is reported. 
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Table 5.3, Speeds of Sound c and Standard Uncertainties σc in Saturated Liquid HFP and 
HFPO at Temperatures T with Literature Values of the Saturation Pressures p.4, 6 
T/K p/MPa c/(m·s-1) σc/(m·s-1) T/K p/MPa c/(m·s-1) σc/(m·s-1) 
HFP HFPO 
253.27 0.150 567.6 0.6 253.15 0.146 552.7 1.1 
273.17 0.326 480.2 0.5 283.15 0.311 425.6 0.9 
288.15 0.538 416.7 0.4 313.15 0.783 296.8 0.7 
303.14 0.838 353.6 0.4 
    
323.18 1.414 270.4 0.8 
    
 
 
In order to represent the entire dataset for each components, Eq (5.2) was generalised as follows 
                         
  𝑐(𝑇, 𝑝)/(km s−1) = [∑ ∑ 𝑎𝑖𝑗 ( 𝑇1000K)
𝑖
(
𝑝
GPa
)𝑗3𝑗=0
4
𝑖=0 ]
1 𝑛(𝑇)⁄
  ,        (5.3) 
 
Where 
𝑛(𝑇) = ∑ 𝑛𝑖
3
𝑖=0 (
𝑇
1000K
)𝑖,                (5.4) 
 
The parameters aij and ni were adjusted to minimize the objective function  
 
𝑥2 = ∑ [(𝑐𝑖 − 𝑐𝑖,𝑓𝑖𝑡)/𝑢(𝑐𝑖)]
2𝑁
𝑖=1 ,            (5.5) 
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where ci is the i
th experimental datum with standard uncertainty u(ci), and ci,fit is the value 
obtained from Eq (5.3) at the same temperature and pressure. For HFPO, no terms with i = 4 
in Eq (5.3) were required while, for HFP, one non-zero term with i = 4 (a40) was required. In 
neither case were additional terms effective in improving the fit. The parameters obtained are 
given in Table 4, and Table 5 lists the standard deviation σ, the absolute average deviation 
ΔAAD, the average deviation (bias) Δbias and the maximum absolute deviation Δmax of the data 
from Eq (5.3). For HFPO, the experimental data are represented to within the experimental 
uncertainty. In the case of HFP, where there are more isotherms spanning a greater range of 
temperature, there is slightly greater scatter. Nevertheless, only 7 of the 161 experimental data 
points deviate from the correlation by more than twice the standard deviation of the fit. All but 
one of these points are located at low pressures and at sub-critical temperatures, close to the 
coexistence curve, suggesting that Eq (5.3) is not quite able to follow the curvature of the data 
in this region. The deviations of the experimental speeds of sound from the surface fits and 
plotted in Fig. (5.8) and (5.9) and are generally consistent with the estimated uncertainty of the 
experimental data for both substances. 
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Table 5.4, Coefficient ni and aij in Eqs (5.3) and (5.4). 
I ni ai,0 ai,1 ai,2 ai,3 
 
HFP 
0 1.79268 5.33703 36.2083 -66.4043 88.8368 
1 14.6662 -49.0139 -205.215 574.868 -723.442 
2 -49.5872 171.510 454.240 -1516.62 1835.66 
3 41.5571 -272.190 -337.158 1231.56 -1458.82 
4 
 
164.601 
   
 
HFPO 
0 3.96745 3.57809 6.16833 111.402 -208.663 
1 -8.10300 -27.1176 68.9460 -1099.02 2048.28 
2 25.8199 69.0811 -379.078 3642.89 -6631.65 
3 -38.5541 -59.6056 498.463 -3977.20 7028.50 
 
 
 
Table 5.5, Standard Deviation σ, Absolute Average Deviation ΔAAD, Average Deviation Δbias and 
Maximum Absolute Deviation Δmax of Experimental Sound Speeds From Eq (5.3) for HFP and 
HFPO. 
Substance σ/(m·s-1) ΔAAD/(m·s-1) Δbias/(m·s-1) Δmax/(m·s-1) 
HFP 0.9 0.6 0.0 3.2 
HFPO 1.0 0.6 0.0 2.0 
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 Figure 5.8, Deviations Δc = c – cfit between speeds of sound c and the predictions of Eq (5.3) 
cfit for HFP at temperatures T and pressure p. , T = 253.27 K; , T = 273.17 K; , T = 288.15 
K; , T = 303.14 K; , T = 323.18 K; , T = 343.19 K; , T = 363.15 K; , T = 383.16 K;  , 
T = 403.14 K ;  —, T = 423.15 K; , T = 448.15 K; , T = 473.14 K. Five points with |Δc| > 
2.0 m·s-1 are not shown. 
Figure 5.9, Deviations Δc = c – cfit between speeds of sound c and the predictions of Eq (5.3) 
cfit for HFPO at temperatures T and pressure p. , T = 253.15 K; , T = 283.15 K; , T = 313.15 
K; , T = 343.15 K; , T = 373.15 K; , T = 403.15 K. 
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5.1.4 Discussion 
The sound speed values presented in this study are the first to be reported for HFP and HFPO. 
The present study covers wide ranges of temperature and pressure and is an important step in 
developing an understanding of the thermodynamic properties of these fluids. The final 
objective is to devise wide-range equations of state for HFP and HFPO and, together with 
previously published results for density and vapor pressure, the available data furnish much of 
the information required to do this. However, data in the gas phase are lacking and it would be 
most valuable to measure the speed of sound in that region. Further work on the densities of 
the compressed liquids and supercritical fluids would also be highly beneficial to this endeavor. 
 
 
5.2 Density of HFP and HFPO 
 
5.2.1 Introduction 
In order to assess effectively the candidacy of HFP and HFPO for potential applications, the 
thermodynamic properties of these substances had to be investigated over a wide range of 
temperatures and pressures. There are several experimental measurements of pure HFP and 
HFPO properties including vapour pressures, liquid densities,4, 6 and critical properties at low 
pressure p < 10 MPa and temperature T < 370 K. As described above, we also measured speed 
of sound in both substances up to 400 MPa.19 The aim of this work will be to enhance 
thermodynamic understanding of both substances by measuring density up to higher pressure 
and over a wider temperature range than in previous studies. The vibrating tube densimeter is 
widely perceived as the most accurate and reliable density measuring technique among several 
different experimental measurements of density at high pressure and over a wide range of 
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temperatures.20, 21 The uncertainty in the density measurement associated with the vibrating 
tube densimeter is strongly influenced by the calibration procedure and the density range 
covered by the reference fluids used at given temperatures and pressures. Typically, there are 
two calibration procedures that are used.  Lagourette et al.22 and Sousa et al.23 proposed to use 
only one calibration fluid, with the density range similar to that of the sample to be measured 
at each temperature and pressure and to determine also the period of oscillation under vacuum. 
This approach leads to Eqs (3.10) and (3.11).  On the other hand, Lampreia et al. used two 
reference fluids in order to eliminate measurements under a vacuum due to the difficulty of 
achieving an absolute vacuum.24 In this work, we present precise and reliable densities for both 
HFP and HFPO measured with a high pressure vibrating tube densimeter calibrated using two 
reference fluids, rather than single reference fluid, while also determining the period of 
oscillation under vacuum. A comparison between these this calibration method and the one 
based on water and vacuum only is also reported.   
 
5.2.2 Experimental results 
A(H2O) and B(H2O) in equation (3.10 and 3.11) were calculated using the well-known water 
density. Fig. 5.10 and Fig. 5.11 show the deviation of A(H2O) and B(H2O) calculated from 
experimental results in comparison with equation (3.12) and equation (3.13), respectively. Fig. 
5.10 indicates that the maximum deviation of A(H2O) is approximately ± 0.01 % and with ∆AAD 
= ± 0.005 %. Fig. 5.11 shows that B(H20) has simliar maximum deviation as A(H20) which is 
about  0.01 % and ∆AAD = 0.005 %. For the τ0(T), the period of oscillation under vacuum at a 
given temperature, Eq. (3.14) is obtained by data correlation from the experimental data with 
∆AAD = ± 0.0005 %. Fig. 5.12 shows the deviations of the experimental data from the fitting 
equation 3.14. The maxium deviation is around ± 0.001%. The overall density difference 
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affected by the correlation of parameter A(H20), B(H20) and τ0(T) is given in Fig. 5.13. The 
maximum density difference is around ± 0.2 kg/m3 or ± 0.02 % of the relative deviation. We 
use argon to validate the density accuracy of Eqs. (2.3, 3.10, 3.11) at a lower density region 
between 0 to 800 kg/m3. Fig 5.14 shows the experimental argon density calculated from Eqs. 
(2.3, 3.10, 3.11) compared with EoS of argon.26 It shows that our results have deviations that 
are significant at intermediate densities in the region of 500 kg/m3. If we extrapolated data of 
density difference in Fig 5.14, we will obtain higher accuracy in the density region of around 
1000 kg/m3. This is because we calibrated the period of oscillation at temperatures from 
(283.15 to 473.15) K and pressures between (0 and 70) MPa by using water as our reference 
fluid. The density of water in this region is between (860 and 1020) kg/m3; thus, the density 
below (860 and 1020) kg/m3 calculated from Eqs. (2.3, 3.10, 3.11) was extrapolating which 
results in higher deviations. The uncertainty will decrease at zero density due to calibration in 
a vacuum. The second calibration method was performed by using water and argon as the 
reference fluids. Fig 5.15 shows the density of water and density of argon at pressure between 
(0 and 70) MPa and temperatures from (283.15 to 473.15) K. It indicates that the calibration 
covers densities between (0 and 1000) kg/m3 which could reduce the uncertainty in density 
measurements. Fig.5.16 shows the density difference of the same experimental argon density 
data and water densities calculated from Eqs. (2.3, 3.15, 3.16) in comparison with the EoS of 
argon26 and water.25 It shows that the maximum density difference is approximately 0.1 kg/m3 
in the region between (200 and 1000) kg/m3. The higher deviation will be obtained at 0.2 kg/m3, 
due to a lower numerical value of density below 200 kg/m3. Fig 5.14 and Fig 5.16 indicate that 
including the argon density data into the calibration will significantly reduce measurement 
errors from (2 to 0.1) kg/m3.        
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Figure 5.10, Deviations of A(H2O) calculated from experiment results compared with the 
corelation Eq. (3.12). 
 
Figure 5.11, Deviations of B(H2O) calculated from experimental results in comparison with the 
corelation Eq. (3.13). 
 
-0.02
-0.01
0
0.01
0.02
0 20 40 60 80
1
0
0
(A
( (H
2O
)
-A
(H
2O
)
,f
it
)/
A
(H
2O
)
p/MPa
-0.02
-0.01
0
0.01
0.02
0 20 40 60 80
10
0(
B
(H
2
O
)
-B
(H
2O
)
,f
it
)/
B
(H
2
O
)
p/MPa
101 
 
 
Figure 5.12, Deviations of the square experimental period of oscillation in vacuum compared 
with the correlation Eq. (3.14). 
 
Figure 5.13, Density deviations from Eqs. (2.3 to 3.12, 3.13) compared with the experimental 
density results. 
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Figure 5.14, Argon density, ρcal, deviations from Eqs. (2.3 to 3.12, 3.13) compared with argon 
density, ρref, calculated form Eqs. (2.3 3.14 and 3.15). , T = 283.16 K; , T = 298.15 K; , T 
= 323.12 K;  , T = 348.10 K;, T = 373.08 K;  , T = 398.06 K; , T = 423.04 K; , T = 
448.01 K; , T = 472.99 K. 
 
Figure 5.15, Density of water from IAPWS-95 equation of state25 and argon equation of state26 
at pressures between 0 to 70 MPa. ------: argon, ____: water. 
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Figure 5.16, Density deviations from Eqs. (2.3 3.15 and 3.16) compared with the experimental 
results. , T = 283.16 K; , T = 298.15 K; , T = 323.12 K; , T = 348.10 K; , T = 373.08 
K;  , T = 398.06 K; , T = 423.04 K; , T = 448.01 K; , T = 472.99 K. 
 
 
In this study, the densities of HFP and HFPO were measured at pressures up to 70 MPa and at 
temperatures from 283.15 K to 473.15 K and 283.15 K to 398.15 K, respectively. HFPO could 
not be studied at temperatures above 398.15 K because, at higher temeprature, it was found to 
undergo thermal decomposition.19 Density data calculated from Eqs. (2.3, 3.15, 3.16) was given 
in Table (5.6 to 5.7) and Fig. (5.17 to 5.18). 
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Figure 5.17, The density of HFP as a function of pressure: , T = 283.16 K; , T = 298.15 K; 
, T = 323.12 K;  , T = 348.10 K; , T = 373.08 K;  , T = 398.06 K; , T = 423.04 K; , T 
= 448.01 K; , T = 472.99 K. 
 
Figure 5.18, The density of HFPO as a function of pressure: , T = 283.16 K; , T = 298.15 K; 
, T = 323.12 K;  , T = 348.10 K; , T = 373.08 K;  , T = 398.06 K. 
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Table 5.6, Density of HFP, ρ, at temperature T and pressure p. 
p/MPa ρ/(kg·m-3) p/MPa ρ/(kg·m-3) p/MPa ρ/(kg·m-3) p/MPa ρ/(kg·m-3) p/MPa ρ/(kg·m-3) 
T = 283.16 K T = 323.12 K T = 373.08 K T = 423.04 K T = 472.99K 
1.19 1388.2 1.20 86.4 1.21 66.0 1.47 67.9 1.55 62.2 
5.57 1416.4 5.42 1241.9 5.31 855.9 5.11 327.8 4.90 227.3 
9.55 1437.5 10.69 1295.8 10.64 1067.7 10.60 781.8 10.33 541.9 
20.69 1485.3 20.18 1360.5 20.33 1197.2 19.97 1020.7 20.38 865.7 
30.76 1519.3 30.17 1408.9 30.41 1272.9 30.40 1137.0 30.53 1010.5 
40.67 1547.4 40.45 1448.0 40.33 1325.8 40.33 1208.2 39.98 1095.2 
50.85 1573.0 50.32 1479.3 50.35 1368.1 50.08 1260.8 50.12 1161.6 
60.03 1593.1 60.09 1505.9 60.29 1403.0 60.59 1306.3 60.08 1212.8 
69.57 1612.1 69.75 1529.3 70.02 1432.4 69.74 1339.6 69.41 1252.7 
1.17 1388.3 10.69 1298.8 5.22 846.2 
  
10.40 545.5 
          
T = 298.15 K T = 348.10 K T = 398.06K T = 448.01 K 
  
1.24 1319.9 1.14 69.4 1.11 54.2 1.05 43.8 
  
5.74 1358.3 5.22 1090.9 6.22 636.6 5.11 273.0 
  
10.57 1390.2 10.51 1187.4 10.71 931.6 10.51 648.0 
  
20.48 1440.1 20.52 1282.2 20.35 1111.9 20.57 946.7 
  
30.13 1477.5 30.54 1342.4 30.50 1205.0 30.29 1070.5 
  
40.53 1510.5 40.46 1387.1 40.70 1268.2 40.40 1152.3 
  
50.81 1538.4 50.79 1424.9 50.75 1316.0 50.15 1210.4 
  
60.49 1561.4 60.25 1454.2 60.92 1355.6 59.78 1256.2 
  
69.80 1581.4 69.17 1478.6 69.61 1384.5 69.55 1295.2 
  
1.23 1319.8 5.22 1090.9 10.70 931.6 10.05 622.1 
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Table 5.7, Density of HFPO, ρ, at temperature T and pressure p. 
p/MPa ρ/(kg·m-3) p/MPa ρ/(kg·m-3) p/MPa ρ/(kg·m-3) 
T = 283.16 K T = 323.12 K T = 373.08 K 
1.19 1418.3 0.82 64.2 5.16 905.9 
4.86 1443.7 5.19 1270.3 10.03 1093.9 
10.26 1474.5 11.15 1332.5 20.84 1238.9 
20.28 1519.1 20.87 1399.0 31.78 1318.4 
30.27 1554.4 30.19 1444.8 40.95 1366.6 
40.57 1584.7 40.47 1484.8 50.22 1405.9 
50.86 1610.9 51.29 1519.6 61.41 1445.4 
59.78 1631.1 59.28 1542.0 69.67 1470.6 
69.82 1651.8 68.96 1566.2 9.87 1090.6 
4.80 1443.4 5.10 1268.9   
      
T = 298.15 K T = 348.10 K T = 398.05K 
1.39 1350.7 0.87 60.7 1.66 101.2 
5.28 1386.0 5.48 1133.2 5.71 653.0 
10.33 1421.4 10.43 1220.9 10.65 976.1 
20.35 1474.1 21.21 1322.5 19.68 1142.7 
30.29 1513.9 29.99 1375.7 30.80 1245.3 
39.89 1545.6 40.11 1422.7 41.36 1309.9 
50.24 1574.7 49.87 1459.5 50.65 1354.0 
59.51 1597.7 59.45 1490.2 59.65 1389.6 
69.56 1620.0 69.27 1517.7 69.13 1421.9 
1.43 1351.1 5.40 1131.2 10.32 964.3 
 
 
 
The results for HFP are in good agreement with Coquelet’s HFP measurements shown in Fig. 
5.19. Coquelet’s results4 were correlated by a third-order polynomial  at T = (283.17, 323.21 
and 348.16) K and p ≤ 6 MPa. The average deviation between experimental measurements and 
correlation is approximately ± 0.002 %. Fig. 5.17 shows our HFP density measurements have 
107 
 
a maximum density difference of 1.2 kg/m3 or maximum relative difference of ± 0.1 % at 
higher pressure in comparison with Coquelet’s results. Our results agree to within ± 0.05 % of 
the relative difference. 
 
 
 
Figure 5.19, Deviations of the experimental density of HFP compared with the previously 
published experimental values from 283 K to 348 K: , this work at T = 283.17 K; , this work 
at T = 323.21 K; , this work at T = 348.16 K; , Coquelet et al.4 at T = 283.17 K; , Coquelet 
et al.4 at T = 323.21 K;  , Coquelet et al.4 at T = 348.16 K;   solid line: equation: correlation 
equation of Coquelet’s measurements. 
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Chapter 6: Experimental speed of sound 
results and discussion for carbon dioxide 
and carbon dioxide + propane systems 
 
 
6.1 Speed of sound in pure carbon dioxide  
6.1.1 Introduction  
Liquid and supercritical carbon dioxide has been used for a wide range of industrial 
applications. For instance, it can be used as a near ideal refrigerant that can be extracted from 
the atmosphere; then, released to the air. This process has no negative effect on the 
environment.1 It also costs very little and has a high compression ratio. In addition, the food 
industries commonly use liquid and supercritical carbon dioxide to extract several chemicals, 
such as esters, ketones and alcohols. For microelectronic applications, supercritical CO2 
technology is needed for material-compatible clean systems, small-dimensional developing 
solvents and low chemical-use processes.2 In order to optimize these industrial applications, 
the thermophysical properties of carbon dioxide need to be known over a wide range of 
pressures and temperatures. The Span-Wagner equation of state for carbon dioxide is one of 
the most accurate EoS for industrial use. However it was developed with very little sound-
speed data. Thus, new and more accurate data might help in constructing an improved EoS for 
carbon dioxide.  
 
The speed of sound technique is one of the best methods, which has the advantages of speed, 
simplicity and outstanding accuracy for the determination of thermophysical properties by 
using an integration method.3 The data can be analysed in Eqs. (2.16, 2.17). Once the value of 
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c is known for all temperatures and pressures of interest, along with the values of initial ρ and 
initial cp at temperatures of interest, all observable thermophysical properties, including 
enthalpy increments, isochoric heat capacity and isothermal compressibility, can be calculated 
from this equation. In previous research,4 most fluids were studied at relatively high 
frequencies, normally ≥ 5 MHz; however, the sound velocity measurement for carbon dioxide 
is limited for such high frequencies owing to an exceptionally high sound absorption coefficient, 
α, which results in poor or no signal detection. The sound absorption coefficients at different 
frequencies, temperatures and pressures are listed in Table 6.1.5 In our case, using frequency 
of 5 MHz and 2 MHz for the ultrasonic transducer, the attenuation of echoes are too high to be 
measured and it is impossible to process the signal, but the echoes can be detected with a 
frequency of 200 kHz. However, the signal will be interrupted at high pressure due to its long 
wavelength which results in signal overlaps. Therefore, a compromise is to select a frequency 
of 500 kHz for the transducer to measure the speed of sound for liquid and supercritical phases 
of carbon dioxide at temperatures from 263.23 K to 363.17 K and pressures up to 325 MPa. 
 
The 500 kHz ultrasonic cell was calibrated with water at a pressure of 1 MPa and temperature 
of 298.15 K. However, the 500 kHz PZT was strongly influenced by the precision and 
repeatability of the time difference owing to relatively large wavelength. Fig. 6.1 shows the 
received signal using a 500 kHz ultrasonic cell. It was difficult to use software to analyse the 
first and second echo with the method of overlap using in chapter 4. In this study, the equation 
of state of Span and Wagner was used as a reference to find the travel time under our 
temperature and pressure conditions. The time difference between the first echo and second 
echo was calculated from the time difference between the maximum peak in first echo and the 
peak in second echo which is closest to travel time from Span and Wagner’s EoS. It often 
happens that the peak selected in second echo is a maximum peak. Due to these measurement 
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difficulties, in section 6.2 use of a 2 MHz ultrasonic cell is described to measure sound speed 
in carbon dioxide doped with small amounts of propane.           
 
 
Figure 6.1, The first echo and second echo for the pure CO2 using 500 kHz ultrasonic cell. 
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Table 6.1, Sound absorption coefficient α for carbon dioxide as a function of temperature, 
pressure and frequency, and attenuation over a pathlength of 60 mm. 
p = 9.92MPa T = 298 K  p = 6.99 MPa T = 298 K  
f/MHz α/(m-1) attenuation % f/MHz α/(m-1) attenuation % 
0.20 3.76 20.19 0.20 6.04 30.39 
0.50 23.45 75.52 0.50 37.65 89.55 
1.00 93.26 99.63 1.00 149.40 99.99 
2.00 364.38 100 2.00 579.12 100 
5.00 1959.48 100 5.00 2976.04 100 
 
 
6.1.2 Experimental results 
The material used in this measurement was CP grade carbon dioxide supplied by BOC with a 
purity of 99.995 % by volume. A stainless steel tee-type particulate filter, Swagelok SS-4TF4-
2, was used to trap particulates. 
 
Sixty-eight data points of the speed of sound in carbon dioxide are listed in Table 6.2. Five 
isotherms, at T = (263.23, 273.18, 303.15, 333.18, 363.17) K, were investigated with 
approximately 1 MPa and 25 MPa pressure increments at low pressure (below 10 MPa) and 
high pressure (above 50 MPa), respectively, from 3.55 MPa to 325 MPa. The ultrasonic cell is 
not suitable for measuring carbon dioxide gas; thus, there are some temperature and pressure 
conditions that could not be investigated. The vapour pressure of carbon dioxide was obtained 
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from the EoS of Span and Wagner.6 At higher pressure, it cannot identify the individual signals 
of the first and the second echo within the oscilloscope owing to overlapping signals. This was 
because the speed of sound in carbon dioxide increases with increasing pressure. The 
experimental values of the speed of sound for carbon dioxide are shown in Fig. 6.2.   
 
 
 
 
 
Figure 6.2, The speed of sound in carbon dioxide as a function of pressure: , T = 263.23 K; 
, T = 273.18 K; , T = 303.15 K; , T = 333.18 K; , T = 363.17 K. 
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Fig. 6.3. The maximum deviation is about ± 1.5%. This estimate does not include the 
uncertainty of measured sound speed itself. In this study, we have higher uncertainty due to a 
large uncertainty in the time difference.  For the 263.23 K, 333.18 K, 363.17 K and 273.18 K, 
303.15 K isotherms, the deviations are less than ± 0.5 % and ± 1 %. The reason for the increased 
deviations, which cannot be measured below ± 0.1 %, is that the first and second echoes overlap. 
This will affect the detection of time for carbon dioxide sound speed measurements; thus, 
increasing the uncertainty. In addition, temperatures are subject to an uncertainty of ± 0.02 K 
and pressures are subject to an uncertainty of ± 0.05 MPa. The pressure effect is shown in Fig. 
6.4. The deviations, of the speed of sound for carbon dioxide in comparison with values of an 
uncertainty of ± 0.05 MPa, were all calculated from the equation of state published by Span 
and Wagner.6 Fig. 6.4 shows that, at lower pressures, the speed of sound is more sensitive to 
deviations due to the uncertainty of the pressure control and this effect will be greater at higher 
temperatures. Similarly, the uncertainty of the temperature measurement causes the same 
effects; however, the maximum is only ± 0.03% at p = 3.5 MPa. Thus, in our case, improving 
pressure measurements is more important than the temperature control.  
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Figure 6.3, Deviations of the experimental speed of sound in carbon dioxide from the 
equation of state of Span and Wagner.6 , T = 263.23 K; , T = 273.18 K; , T = 303.15 K; , 
T = 333.18 K; , T = 363.17 K. 
 
Figure 6.4, Deviations of speed of sound in carbon dioxide affected by an uncertainty of ± 0.05 
MPa at T = 263.23 K and T =363.17 K from the equation of state of Span and Wagner.6 
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Currently, there is limited experimental sound velocity data for liquid carbon dioxide. We have 
compared our data with the results, in the liquid phase of carbon dioxide from Bass and Lamb.5 
As shown in Fig. 6.5, the deviations at T = 273.15 K and at T =  298.15 K calculated with data 
from the NIST Standard Reference Database are typically about 2 % and -1 %, respectively. 
The maximum deviation of 2.24 % was found at T = 303.15 K and p = 8.7 MPa.     
 
 
 
Figure 6.5,  Deviations of the sound speed reported by Bass et al. data5 for the speed of sound 
in carbon dioxide from the equation of state of Span and Wagner:6 , T = 273.15 K; , T = 
298.15 K; , T = 303.15 K. 
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Table 6.2, Speed of sound in carbon dioxide as a function of temperature and pressure. 
p/MPa c/(m·s-1) p/MPa c/(m·s-1) p/MPa c/(m·s-1) 
     T = 263.23 K   
3.61 641.06 14.95 765.07 125.05 1257.64 
5.60 668.42 24.92 839.08 150.15 1326.58 
7.45 688.24 50.00 980.71 175.19 1370.83 
8.48 700.28 75.25 1090.50 200.07 1442.18 
9.96 716.13 100.25 1182.91 225.01 1495.75 
  
   
 T = 273.18 K   
3.55 542.38 24.90 786.36 153.66 1302.37 
5.48 579.27 51.06 947.42 175.16 1343.87 
7.42 607.39 75.46 1053.20 200.05 1402.28 
10.01 642.08 101.37 1154.41 224.30 1472.03 
15.03 700.38 125.81 1220.05 250.97 1518.36 
  
   
 T = 303.15 K   
8.57 325.38 75.18 951.62 200.90 1334.31 
10.20 384.86 100.24 1073.05 225.54 1380.25 
14.22 488.35 124.32 1134.25 250.15 1430.76 
25.13 632.10 151.04 1203.09 300.39 1531.93 
50.04 820.53 174.69 1272.86   
  
  
    T = 333.18 K 
30.10 551.04 100.21 969.28 200.49 1258.36 
40.43 645.09 125.57 1059.61 224.16 1328.20 
50.21 717.26 150.25 1137.81 250.53 1371.33 
75.10 859.13 174.94 1200.88 300.05 1463.94 
  
  
  T = 163.17 K   
40.10 554.32 124.93 987.57 225.01 1257.46 
50.49 634.12 150.43 1074.22 250.67 1324.32 
75.11 779.28 175.14 1143.13 300.47 1401.81 
100.18 894.48 200.07 1201.35 325.13 1453.01 
 
 
 
120 
 
6.2. Feasibility study: speed of sound measurements in the mixture 
of CO2 and propane 
 
6.2.1. Introduction  
The results of the experiment above shows that the sound-speed deviation of pure CO2 is high 
due to a higher sound absorption coefficient and lower frequency of the measurements which 
results in a poor signal-to-noise ratio. These results do not fully satisfy the need for high 
accuracy speed of sound measurements. The sound absorption in pure carbon dioxide is mainly 
associated with vibrational relaxation of carbon dioxide molecules. In order to achieve precise 
measurements with lower sound absorption conditions, the CO2 was doped with a small amount 
of hydrocarbon, in this case, propane was used due to its non-toxic, non-corrosive, readily 
available in high chemical purity and miscible with CO2 in the temperature and pressure ranges 
of interest. It reduces the relaxing time of the mixture. This causes a decrease of sound 
absorption with the medium; as a result, the higher frequency transducer, 2 MHz, could be used 
for the measurement. The purpose of this experiment was to demonstrate that the speed of 
sound for a fluid with a high concentration of CO2, such as mole fraction x = 0.90 to 0.99, can 
be measured with a low uncertainty using a frequency of 2 MHz for the ultrasonic cell, even 
though it is impossible to measure pure CO2 in that apparatus.   
 
 
6.2.2. Experimental method 
The volume of the measurement system was 36.5 cm3; based on this volume and with 
knowledge of the thermodynamic properties of CO2 and propane, the mole fraction 
concentration of CO2 could be estimated. The experimental process was, firstly, to inject 
propane at a constant temperature of 298.15 K and at a of pressure p = 0.95 MPa. It should be 
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noted that the pressure cannot exceed the saturated vapour pressure to prevent propane gas 
becoming a liquid. Second, CO2 was injected at the same constant temperature until a pressure 
of 10 MPa was reached. Finally, using a HPLC pump integrated with a cooling system, the 
mixture was made a homogenous phase in the closed system. The method was an initial test 
measurement to investigate the possibility of making measurements at a frequency of 2 MHz 
cell. In the next study, the variable volume cell was integrated with the measurement system to 
help measure the speed of sound at pressures up to 200 MPa.    
 
The mass of propane was estimated from the volume and density at the initial temperature and 
pressure, in this case, the mass of propane was 0.75 g. The volume of propane, the volume of 
CO2 and the mass of CO2 were 1.46 ml, 35.04 ml and 28.65 g, respectively. Thus, in this case, 
the mole fraction of CO2 was 0.9744.  And the speed of sound was measured at a temperature 
of 298 K and a pressure of 7.7 MPa.     
 
6.2.3 Result and discussion  
The results are shown in the Fig. 6.6. For this mixture, the first echo and second echo can be 
identified and there is no interference or overlap between the two echoes. As a result, it can be 
concluded that a frequency of 2 MHz can be used to measure the speed of sound of the CO2 
rich mixture with hydrocarbon, with an uncertainty of < ± 0.1 %.       
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Figure 6.6, The superposition of the first echo and second echo for the CO2 mixture with 
propane. 
 
 
6.2.4 Conclusion 
To measure the speed of sound of the liquefied mixture with low uncertainty, it is important to 
know precisely the composition of the mixture and ensure that the mixture is homogenous. For 
this reason, the variable volume pressure vessel and circulating pump were required. The 
function of the variable volume pressure vessel was to store enough sample for measurements 
at different pressures and temperatures and so that the composition could be precisely measured 
by weighing. Thus, in order to achieve more accurate measurements, the next task was to design 
a lightweight variable volume pressure vessel and a high pressure circulating pump for the 
speed of sound measurement of the liquefied mixture.  
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6.3. The speed of sound in carbon dioxide + propane using 2 MHz 
ultrasonic cell and deduced sound speed in pure carbon dioxide 
 
6.3.1 Introduction  
Carbon dioxide is a common substance in the world, and knowledge of its thermophysical 
properties is required in many diverse areas of science and engineering. For example, its 
thermophysical properties are very important in carbon capture and storage (CCS) studies; thus, 
various thermodynamic and transport properties of carbon dioxide have been studied 
extensively over a wide range of temperatures and pressures.7-11 However, the speed of sound 
in pure carbon dioxide cannot be measured with a high frequency dual-path ultrasonic cell 
owing to the high sound adoption property. Thus, currently, sound speed data in the literature 
is mainly calculated from thermodynamic relations and the thermodynamic properties of 
carbon dioxide have been represented by means of multi-parameter equations of state 
developed by Span and Wagner.6 Accordingly, the stated relative uncertainty of this equation 
of state for the prediction of the speed of sound  in carbon dioxide in the liquid phase ranges is 
± 0.5% to ± 1% and ± 1% to ± 2% at p between (10 and 100) MPa and at p between (100 and 
500) MPa, respectively in our measured temperature range. We calculated the detection limit 
of our measuring system using different sound frequencies generated by a function generator 
and decided to use a frequency of 500 kHz for the ultrasonic cell to measure speed of sound in 
pure carbon dioxide in the work described in section 6.1.2. However, due to diffraction errors 
and the poor signal-to-noise ratio, we cannot estimate the experimental uncertainty with great 
confidence. Hence, we used these results as supplementary data to compare with speed of 
sound in pure carbon dioxide calculated in this study. In this work, we firstly overcame the 
issue of modifying the speed of sound system by adding small amounts of hydrocarbon to 
reduce relaxation time and provide a new method to measure the speed of sound in mixtures. 
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Four different mole fractions x of carbon dioxide (0.937, 0.969, 0.991 and 0.998) were 
measured at temperatures between 248.15 K and 373.15 K and at pressures up to 200 MPa. By 
extrapolating the measured sound speed results to x = 1, experimental speed of sound in pure 
carbon dioxide was calculated and the uncertainty analysed carefully; then we compared our 
experimental measured speed of sound c with Span and Wagner’s equation of state and drew 
conclusions. 
 
6.3.2. Experimental methods   
 
The measured samples were stored in a known weight variable volume cell. Propane was first 
injected into the evacuated cell and the mass was measured by a high performance balance. 
Carbon dioxide was then introduced into the cell at a calculated pressure to achieve a target 
carbon dioxide concentration. The mass of carbon dioxide was measured using a balance to 
obtain the accurate composition of carbon dioxide and propane in the mixture. The cell was 
shaken for approximately 2 mins to achieve a homogenous mix. During the experiment, the 
circulation pump was used to prevent separation in the mixture.      
 
 
6.3.3. Results and discussion 
  
The material used in this measurement was CP grade carbon dioxide supplied by BOC and the 
purity of the carbon dioxide is 99.995 % by volume and 99.9% propane supplied by Sigma was 
used in this study. The mass of the variable volume cell was first measured on the balance; 
then, propane was injected into the storage chamber of the variable volume cell. The mass of 
the vessel and propane was recorded on balance; then carbon dioxide was injected up to desired 
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pressure using a HPLC pump with refrigerated pump head intergrated with a cooling system. 
This can protect the pump system in hot conditions and keep carbon dioxide in the liquid phase 
when injecting liquid carbon dioxide.  The mass of total sample mixture and vessel was 
recorded. By calculating the mass of the individual chemicals, the mole fraction could be 
determined. The speed of sound in the mixtures of carbon dioxide and propane was measured 
along with six isotherms at nominal temperatures of (248.15, 273.15, 298.15, 323.15, 348.15 
and 373.15) K and at pressure from 8 MPa to 200 MPa. Four compositions were measured with 
mole fractions x = (0.937, 0.969, 0.991 and 0.998). However, since the equipment could not 
detect acoustic signals below 50 MPa or 25 MPa at some temperatures in the higher carbon 
dioxide mole fraction, the lower pressure bound was adjusted. The upper pressure bound at T 
= 248.15 K was limited by the freezing curve to less than 170 MPa for the compositions x = 
0.969, 0.991 and 0.998. The experimental results are listed in Table 6.3.  
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Table 6.3, The speeds of sound along the isotherms in composition x = (0.937, 0.969, 0.991 
and 0.998) 
p/MPa c/(m·s-1) p/MPa c/(m·s-1) p/MPa c/(m·s-1) 
x = 0.937         
T = 248.88 K T = 298.18 K T = 348.18 K 
8.27 799.4 8.21 388.5 25.05 446.8 
15.03 855.4 15.12 538.7 50.05 682.3 
25.03 924.8 24.99 659.0 75.10 830.6 
49.91 1056.8 49.98 846.6 100.10 943.7 
75.00 1159.3 75.09 975.1 125.02 1037.1 
100.01 1246.2 100.01 1076.7 149.94 1117.7 
125.00 1320.1 125.02 1162.3 174.97 1189.8 
149.99 1385.8 149.96 1236.7 200.00 1254.3 
174.98 1447.1 175.00 1302.7 25.04 446.6 
8.27 799.4 200.10 1364.5   
  15.12 538.6 
T = 273.25 K   T = 373.12 K 
8.18 614.8 T = 323.19 K 25.06 385.0 
15.19 699.7 15.16 381.4 49.89 618.8 
24.92 787.4 25.00 541.2 75.09 772.6 
50.00 946.5 50.09 758.5 100.00 889.4 
75.02 1062.2 75.07 897.6 124.97 985.6 
100.04 1155.2 100.04 1005.2 149.93 1069.0 
125.01 1236.3 125.05 1095.7 174.97 1141.6 
150.00 1305.4 150.02 1173.9 200.03 1208.7 
175.05 1369.6 175.00 1243.4 25.05 384.7 
200.00 1428.5 200.42 1307.5   
8.17 614.5 15.12 381.2     
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Table 6.3. continue  
p/MPa c/(m·s-1) p/MPa c/(m·s-1) p/MPa c/(m·s-1) 
x = 0.969         
T = 249.03 K T = 298.14 K T = 348.09 K 
7.92 797.2 14.96 532.2 30.40 504.8 
14.79 852.8 24.98 654.5 50.03 675.2 
25.01 922.3 50.05 841.6 75.22 823.0 
49.98 1052.6 74.95 969.0 100.60 937.3 
75.76 1155.3 100.06 1070.0 125.53 1029.0 
100.41 1239.6 125.00 1154.1 150.44 1109.4 
125.28 1312.1 150.29 1228.9 174.72 1178.6 
150.01 1377.4 175.03 1294.1 200.04 1243.8 
7.92 796.4 200.02 1354.1 30.39 504.8 
  14.95 531.8   
T = 273.34 K   T = 373.12 K 
8.01 610.5 T = 323.09 K 35.17 488.8 
14.92 694.4 24.94 534.8 49.95 611.6 
25.00 785.0 50.14 752.6 75.07 764.5 
50.05 942.8 75.00 890.2 100.30 881.3 
75.53 1058.9 100.59 1000.1 125.16 976.5 
100.06 1149.4 125.56 1088.7 150.00 1057.9 
125.06 1229.3 75.07 897.6 175.22 1131.5 
148.51 1293.7 149.97 1164.3 200.01 1196.4 
175.03 1360.3 175.33 1234.8 35.14 488.3 
200.04 1417.3 200.00 1296.5   
8.01 610.9 24.93 534.6     
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Table 6.3. continue  
p/MPa c/(m·s-1) p/MPa c/(m·s-1) p/MPa c/(m·s-1) 
x = 0.991         
T = 251.21 K T = 298.13 K T = 348.09 K 
8.05 786.8 25.18 653.9 50.37 672.7 
15.01 844.2 50.02 837.8 75.08 816.9 
25.27 913.8 75.23 965.0 100.58 931.1 
50.77 1045.7 100.10 1064.0 125.70 1023.2 
75.17 1143.2 124.97 1147.9 150.60 1101.4 
101.43 1230.8 149.79 1220.2 175.29 1171.4 
124.94 1299.1 174.53 1285.6 200.72 1236.7 
150.91 1366.3 200.53 1346.2 50.36 672.7 
8.12 787.6 25.11 654.1   
      
T = 273.39 K T = 323.10 K T = 373.13 K 
8.07 614.0 30.22 590.1 50.07 607.5 
15.14 698.1 49.98 747.0 76.00 763.8 
25.28 787.2 75.17 886.1 100.27 874.4 
50.08 941.2 100.21 992.6 125.41 970.3 
75.54 1055.9 124.81 1080.5 150.43 1051.5 
100.08 1145.5 149.98 1157.2 174.66 1121.2 
125.36 1225.5 174.62 1224.1 200.02 1188.3 
150.17 1292.3 200.34 1288.4 50.05 607.3 
174.97 1354.8 30.23 589.8   
199.91 1410.8     
8.05 613.9         
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Table 6.3. continue  
p/MPa c/(m·s-1) p/MPa c/(m·s-1) p/MPa c/(m·s-1) 
x = 0.998         
T = 248.59 K T = 298.13 K T = 348.09 K 
8.02 802.3 50.04 837.4 49.95 667.1 
14.98 856.8 74.94 962.5 75.02 813.6 
24.99 923.0 100.02 1061.9 99.98 924.6 
50.04 1051.1 125.02 1145.5 124.98 1016.6 
74.97 1149.9 150.01 1219.2 149.99 1095.6 
100.01 1233.1 174.98 1285.5 175.00 1165.6 
124.97 1303.8 200.01 1346.1 200.00 1228.6 
150.04 1367.4 50.04 837.3 49.95 667.2 
8.03 802.3     
      
T = 273.41 K T = 323.13 K T = 373.10K 
15.23 699.0 50.02 745.8 74.97 754.7 
25.03 785.6 75.12 883.4 100.02 869.7 
50.02 939.4 100.03 988.9 125.03 963.9 
75.01 1052.3 124.98 1076.8 150.00 1044.4 
100.02 1143.6 150.00 1153.2 175.00 1115.5 
124.95 1220.2 175.02 1220.9 200.00 1179.3 
150.01 1288.3 200.00 1282.1 74.95 754.4 
174.99 1349.1 50.00 745.6   
200.00 1404.5     
15.20 699.0         
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The overall experimental standard uncertainty uc of the speed of sound was estimated from the 
relation: 
 
         2222 xpTTpc uxcupcuTcu  ,    (6.1) 
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Where uT and up are the standard uncertainties of temperature and pressure discussed above 
and ux is the standard uncertainty in the mole fraction and can be calculated from equation (6.2) 
and equation (6.3). Here, m1, m2 and m3 are the masses of the empty variable volume cell, and 
the cell filled with propane and carbon dioxide, respectively. The standard uncertainties of 
mass, δm, measured from balance is  0.001g. MCO2 and Mpropane are the molar masses of carbon 
dioxide and propane. The uncertainty uc varies between ± (0.2 and 1.8) m·s
-1 over the region 
of temperature and pressure investigated. The overall experimental standard uncertainty uc/c 
varies and is affected by uncertainties of temperature, pressure and mole fraction. The results 
are shown in Fig. 6.7. The average relative uncertainty is ± 0.025 %, and a higher uncertainty 
at the highest and lowest temperature.
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Figure 6.7, The overall experimental standard uncertainty uc/c affected by uncertainty of 
pressure, temperature and mole fraction. , x = 0.937; , x = 0.969; , x = 0.991; , x = 
0.998. 
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Figure 6.8, The fractional standard uncertainty uc/c affected by uncertainty of pressure only 
as function as pressure and temperature. , x = 0.937; , x = 0.969; , x = 0.991; , x = 
0.998. 
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In this study, we could not obtain signals in some regions owing to high sound absorption in 
the (carbon dioxide + propane) mixtures. The region in which we could not measure were at x 
= (0.969, 0.991, 0.998) at temperature of (298.15, 323.15, 348.15 and 373.15) K and pressure 
of (8, 15, 25) MPa. Fig 6.8. shows the average fractional standard uncertainty uc/c affected by 
uncertainty of pressure is approximately ± 0.01% and has higher uncertainty in lower pressure 
regions. The fractional standard uncertainty uc/c affected by uncertainty of temperature was 
given in Fig 6.9. The average uncertainty is approximately ± 0.01 % and the higher uncertainly 
is about ± 0.032 % and ± 0.025 % at p = 8 MPa, temperature at 298.15 K and 323.15 K, 
respectively. These are the lowest pressures we can measure due to our limitation of 2 MHz 
ultrasonic cell. The average uncertainty of the mole fraction is around 2.5×10-4 (Fig. 6.10).  
 
 
 
 
 
 
 
 
 
 
 
134 
 
  
 
Figure 6.9, The fractional standard uncertainty uc/c as function of pressure and as function of 
temperature, affected by uncertainty of temperature only. , x = 0.937; , x = 0.969; , x = 
0.991; , x = 0.998. 
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Figure 6.10, The fractional standard uncertainty uc/c as function of pressure and as function 
of temperature, affected by uncertainty of mole fraction only. , x = 0.937; , x = 0.969; , 
x = 0.991; , x = 0.998. 
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6.3.4. Derived speed of sound in pure carbon dioxide 
The speed of sound in pure carbon dioxide can be obtained by extrapolation of the mixture data 
to the limit x = 1. To facilitate this, the data for each composition and each isotherm were 
correlated in terms of the relation:  
 
                             
3
03
2
02010 )()()()( ccaccaccapp  ,                                (6.4) 
 
where p0 = 50 MPa and c0 is speed of sound at p = p0. The deviations from this correlation are 
plotted in Fig 6.11. We obtained an average absolute relative deviation of 0.04 % in our 
measurement range; however we have some points which have higher deviations up to 0.13 % 
at pressures below 25 MPa. The data above 0.1 % was ignored and not used in the extrapolation 
to calculate the speed of sound in pure carbon dioxide.     
 
 
Figure 6.11, The deviations of speed of sound in this study correlated by Eq. (6.4) , x = 0.937; 
, x = 0.969; , x = 0.991; , x = 0.998. 
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According to this correlation, the speed of sound at pressure (8, 15, 25, 50, 75, 100, 125, 150, 
175, 200) MPa was calculated for each isotherm and composition and the speed of sound in 
pure carbon dioxide was estimated by fitting the results to the following quadratic function of 
mole fraction: 
𝑐 = 𝑏1(1 − 𝑥)
2 + 𝑏2(1 − 𝑥) + 𝑏3 ,                                       (6.5) 
 
The extrapolation and the derived speeds of sound in pure carbon dioxide are shown in Fig 
6.12 and Fig 6.13, respectively. The experimental results are given in Table 6.4 and coefficients 
of quadratic fits are given in Table 6.5.  
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Figure 6.12, The speeds of sound c in carbon dioxide + propane as a function of molar fraction: 
, p = 8 MPa; , p = 15 MPa; , p = 25 MPa; , p = 50 MPa; , p = 75 MPa; , p = 100 MPa; 
, p = 125 MPa; , p = 150 MPa;   , p = 175 MPa; , p = 200 MPa.  
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Figure 6.13, The derived speeds of sound c in pure carbon dioxide as a function of 
temperature: , p = 15 MPa; , p = 25 MPa; , p = 50 MPa; , p = 75 MPa; , p = 100 MPa; 
, p = 125 MPa; , p = 150 MPa;   , p = 175 MPa; , p = 200 MPa.  
  
 
Table 6.4, Speed of sound c in pure carbon dioxide at temperature T and pressure p. 
p/MPa c/(m·s-1) p/MPa c/(m·s-1) p/MPa c/(m·s-1) 
T = 248.15 K T = 298.15 K T = 348.15 K 
15 861.60 50 836.65 50 667.06 
25 926.71 75 962.30 75 813.31 
50 1054.37 100 1061.35 100 924.47 
75 1153.05 125 1145.06 125 1016.15 
100 1234.80 150 1218.49 150 1095.14 
125 1305.26 175 1284.45 175 1165.08 
150 1367.59 200 1344.67 200 1228.20 
      
T = 273.15 K T = 323.15 K T = 373.15 K  
15 699.22 50 745.39 75 754.65 
25 786.49 75 882.67 100 869.30 
50 940.86 100 988.66 125 963.39 
75 1053.15 125 1076.71 150 1044.16 
100 1143.89 150 1152.88 175 1115.49 
125 1221.15 175 1220.50 200 1179.71 
150 1289.04 200 1281.63   
175 1349.98         
200 1405.50       
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Table 6.5, coefficients of quadratic fits in Eq. (6.6) at different temperature and pressure 
T/K p/ MPa b1 b2 b3 
248.15 8.00 6606.77 -626.12 815.73 
273.15 8.00 2628.61 -233.89 616.94 
248.15 15.00 -663.33 14.81 861.60 
273.15 15.00 2621.54 -169.85 699.22 
248.15 25.00 -541.81 60.22 926.71 
273.15 25.00 1828.68 -74.36 786.49 
298.15 25.00 1218.50 33.34 652.20 
248.15 50.00 1210.22 19.47 1054.37 
273.15 50.00 628.28 56.86 940.86 
298.15 50.00 569.34 128.82 836.65 
323.15 50.00 54.86 195.06 745.39 
348.15 50.00 -299.80 258.11 667.06 
373.15 50.00 325.69 215.40 604.83 
248.15 75.00 1630.46 49.89 1153.05 
273.15 75.00 -53.16 144.97 1053.15 
298.15 75.00 -59.82 209.29 962.30 
323.15 75.00 -155.81 242.86 882.67 
348.15 75.00 -476.35 297.17 813.31 
373.15 75.00 -903.45 335.57 754.65 
248.15 100.00 692.07 168.33 1234.80 
273.15 100.00 -540.38 220.59 1143.89 
298.15 100.00 -536.89 276.59 1061.35 
323.15 100.00 -404.05 292.50 988.66 
348.15 100.00 -597.96 339.30 924.47 
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Table 6.5. continue 
T/K p/ MPa b1 b2 b3 
373.15 100.00 -1039.14 381.35 869.30 
248.15 125.00 -1229.36 351.92 1305.26 
273.15 125.00 -922.85 289.54 1221.15 
298.15 125.00 -565.74 306.45 1145.06 
323.15 125.00 -779.36 349.80 1076.71 
348.15 125.00 -927.39 392.72 1016.15 
373.15 125.00 -1440.45 445.17 963.39 
248.15 150.00 -3849.44 581.90 1367.59 
273.15 150.00 -1238.20 353.80 1289.04 
298.15 150.00 -218.15 304.60 1218.49 
323.15 150.00 -1250.12 412.43 1152.88 
348.15 150.00 -1427.24 454.15 1095.14 
373.15 150.00 -2001.23 516.44 1044.16 
273.15 175.00 -1506.31 414.34 1349.98 
298.15 175.00 415.93 278.37 1284.45 
323.15 175.00 -1785.08 478.23 1220.50 
348.15 175.00 -2046.16 520.49 1165.08 
373.15 175.00 -2655.63 590.43 1115.49 
273.15 200.00 -1739.16 471.79 1405.50 
298.15 200.00 1265.47 233.58 1344.67 
323.15 200.00 -2362.13 545.73 1281.63 
348.15 200.00 -2745.96 589.65 1228.20 
373.15 200.00 -3364.66 664.88 1179.71 
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The overall standard uncertainty uc of the speed of sound in the derived pure carbon dioxide 
was estimated from the relation 
 
           22222 2  xxcupcuTcu pTTpcoc , (6.7) 
 
Here, δ is the standard error of the intercept for the correlation equation (6.7). The intercept 
error, δ, and fractional uncertainty, δ/c, are shown in Fig. 6.14. The maximum uncertainty is 
about ± 0.4 % at T = 248.15 K and p = 15 MPa. This is because the speed of sound in (carbon 
dioxide + propane) at lower pressure and lower temperature is not a linear behaviour. We 
estimate uncertainty of pure carbon dioxide to be the sum of the average uncertainty of pressure, 
temperature and mole fraction of same parameters in (93.7, 96.9, 99.1 and 99.8).  
 
𝑠𝑒𝑖 = 𝑠√
1
𝑛
+
𝑐′2
∑(𝑐𝑖−𝑐′)
2                                            (6.8) 
 
Here, sei is standard intercept error, s is standard deviation and c’ is mean speed of sound. 
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Figure 6.14, The intercept error, δ, and fractional uncertainty, δ/c, as function as temperature. 
, p = 15 MPa; , p = 25 MPa; , p = 50 MPa; , p = 75 MPa; , p = 100 MPa; , p = 125 
MPa; , p = 150 MPa;   , p = 175 MPa; , p = 200 MPa.  
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The maximum standard uncertainty in the speed of sound measured in this experiment is 
approximately 0.24 % at low pressure and this is due to high noise and smaller amplitude 
signals. The average experimental uncertainty in the speed of sound is about ± 0.025 % in this 
study. For pure carbon dioxide, by considering the intercept error of the extrapolation, the 
maximum uncertainty increases to ± 0.40 % and ± 0.15 % of the average uncertainty presented 
(Fig. 6.14).  By comparison with Span and Wagner’s equation of state for carbon dioxide, all 
the data is within the tolerance region. According to Span and Wagner, the uncertainty is 
around ± 1 to 2% between pressures of 100 and 400 MPa in the temperature range of this study.  
In Fig. 6.15, our results estimated that the uncertainty of pure carbon dioxide at high pressure 
is around ± 0.5 % to ± 1 % which agreed with their calculations. We also added experimental 
speed of sound results in pure carbon dioxide measured in our previous study in chapter 6.1. 
The tendency is in good agreement with our values and we conclude that the speed of sound 
should be slightly higher below 75 MPa and lower above 100 MPa than in Span and Wagner’s 
equation of state for carbon dioxide.        
 
 
 
 
 
 
 
 
145 
 
 
 
 
 
 
Figure 6.15, The overall uncertainty of pure carbon dioxide as function as temperature. , p 
= 15 MPa; , p = 25 MPa; , p = 50 MPa; , p = 75 MPa; , p = 100 MPa; , p = 125 MPa; 
, p = 150 MPa;   , p = 175 MPa; , p = 200 MPa.  
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Figure 6.16, Deviations of the derived speeds of sound in pure carbon dioxide from the 
equation of state of Span and Wagner: , T = 248.15 K; , T = 273.15 K; , T = 298.15 K; , 
T = 323.15 K; , T = 348.15 K; , T = 373.15 K. Also shown are the experimental sound speeds 
measured at 0.5 MHz: , T = 263.23 K; , T = 273.18 K; ―, T = 303.15 K; , T = 333.18 K; , 
T = 363.17 K. 
.6 
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Chapter 7: Summary and Conclusions 
 
 
7.1 Introduction 
 
This chapter summarises the work presented in this thesis and presents conclusions. The speed 
of sound was measured in four pure substances (water, HFP, HFPO and CO2) and in four 
mixtures of CO2 with propane, by means of ultrasonic cells operating at a frequency of 0.5 
MHz, 2 MHz and 5 MHz over a range of temperature and pressure. In addition, the density of 
HFP and HFPO were measured with a high-pressure vibrating-tube densimeter at pressure up 
to 70 MPa and temperature between (283.15 and 473.15) K. The standard relative uncertainty 
of all these properties was determined and thermodynamic results obtained by integrations 
were presented. In terms of density measurement, a calibration method using two reference 
fluids, as well as measurement of the period of oscillation under vacuum, was adopted to 
determine a sample covering a wide range of density between measured temperatures and 
pressures. In this chapter, some achievements made in these investigations are summarised.               
 
7.2 The speed of sound in pure water and its derived 
thermodynamic properties  
 
In this thesis, the speed of sound in extremely pure water has been measured precisely at 
temperature between 253 K and 473 K and pressure up to 400 MPa with an estimated expanded 
uncertainty of between ± 0.03 % and ± 0.04 % at a 95 % confidence. The maximum relative 
absolute deviation of sound speed as compared with the IAPWS-95 correlation is ± 0.3 %, 
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which implies that the uncertainty of the IAPWS model can be reduced, especially at high 
pressure. Also, the maximum deviation of density compared with IAPWS-95 is ± 0.058 %, 
declining to ± 0.033 % at T ≥ 273.15 K, which suggests that the uncertainty of the IAPWS 
model for this property can also be reduced, especially at high pressure and low temperature. 
For the isobaric specific heat capacity, all the deviations are in good agreement with IAPWS-
95 model except at the lowest temperature. We have compared our speeds of sound with precise 
(± 0.005 %) data from the literature. The results shows that our deviations are within ± 0.02 % 
at temperatures from (303 to 323) K and pressure up to 200 MPa; thus, the estimated 
uncertainty of ± 0.03 % in this range of states is validated.  
In this study, we extended measurement of sound speed and density of pure water and provided 
reliable thermodynamic properties at high pressures and in the supercooled temperature. The 
data provided in this work can be used as literature reference in comparison with other future 
studies.    
 
7.3 HFP and HFPO  
 
7.3.1 The speed of sound in HFP and HFPO 
Speeds of sound have been measured at pressures up to 400 MPa in pure hexafluoropropene 
(common name hexafluoropropylene, HFP) and trifluoro-3-(trifluoromethyl)oxirane (common 
name hexafluoropropylene oxide, HFPO) along isotherms from T = (253.27 to 473.14) K and 
T = (253.15 to 403.15) K, respectively. Due to the wide ranges of experimental temperatures 
and pressures investigated here, the speeds of sound were obtained for both components at 
conditions ranging from the subcritical liquid to the supercritical fluid. The standard 
uncertainties are estimated to be ± 0.015 K for temperature and ± 0.05 MPa for p ≤ 90 MPa 
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and ± 0.0006p for p > 90 MPa for pressure. For the speed of sound c, the standard uncertainties 
are ± 0.8 m·s−1 in HFP and ± 0.8 m·s−1 for c ≤ 800 m·s−1 and 0.001c for c > 800 m·s−1 in HFPO 
 
In this work, experimental speeds of sound in HFP and HFPO are reported for the first time in 
the literature. The results should make a valuable contribution to the future development of 
wide-range equations of state for these substances and it is an important step in developing an 
understanding of the thermodynamic properties of these fluids. However, data in the gas phase 
are lacking, and it would be most valuable to measure the speed of sound in that region with 
help of spherical resonator. Further work on the densities of the compressed liquids and 
supercritical fluids would also be highly beneficial to this endeavour. 
 
7.3.2 Density of HFP and HFPO 
The method of single reference fluid calibration by using water cannot preciously measure 
sample density below 860 kg/m3 in this work’s investigation pressure and temperature region. 
We proposed a two reference fluids calibration, water and argon, with help of measurement of 
the period of oscillation under vacuum to reduce density measurement uncertainty. The 
comparison shows the maximum difference of 2 kg/m3 or ± 0.4 % of relative uncertainty at 
density of about 500 kg/m3 between method of a single reference fluid calibration with a 
reference point at vacuum and method of a two reference fluids calibration with a reference 
point at vacuum. In order to provide accurate density of HFP and HFPO, we calibrated our 
densitometer with two density well known reference fluid, water and argon, to obtain few 
precise  and reliable results. The density of HFP and HFPO has been measured precisely at 
pressure up to 70 MPa and at temperature between (283 and 473) K and (283 and 323) K, 
respectively. We have compared our density with literature experimental data. The result shows 
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that our relative difference are within ± 0.1 % at temperatures (283.17, 323.21 and 348.16) K 
and pressure up to 6 MPa which is in good agreement with previous study. In this work, we 
extended existing available density data base for HFP and HFPO from pressure of 10 MPa to 
70 MPa and temperature up to 473 K. Again, the data provided in this work can be used as 
literature reference in comparison with other future studies.    
 
7.4 Carbon dioxide system 
 
7.4.1 The speed of sound in pure carbon dioxide  
The new 500 kHz ultrasonic cell has overcome the issue of high sound absorption coefficient 
in carbon dioxide and the speed of sound in carbon dioxide at temperatures between 263 K and 
363 K and at pressure up to 325 MPa is presented. The deviations are typically less than ± 0.5 
% and ± 1 % in comparison with equation of state in carbon dioxide. Those data sets provide 
important information of pure carbon dioxide not only on liquid region but also on the extended 
critical region over a wide range of pressures. These data, combined with density and heat 
capacity data sets, can be analysed by numerical integration method to obtain accurate 
thermophysical properties of carbon dioxide in the future; however, the estimated uncertainty 
cannot be confidently confirmed because of poor signal received; thus, it cannot be used to 
develop a reliable equation of state. We added a small amount of propane into carbon dioxide 
to reduce the relaxation time of gas mixture. The sound absorption of this carbon dioxide 
mixture decreases; thus, we can measure speed of sound by using higher frequency, of 2 MHz, 
to reduce uncertainty. In this study, we not only provided an extended data set for speed of 
sound in carbon dioxide, but also proposed an alternative method to investigate carbon dioxide 
in speed of sound. The result will conclude in chapter 7.4.2.     
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7.4.2 The speed of sound in carbon dioxide + propane 
The speed of sound in (carbon dioxide + propane) has been measured at temperature between 
248 K and 373 K and pressure up to 200 MPa. Four compositions of carbon dioxide  were 
measured as well.  After overcoming the issue of high sound absorption of pure carbon dioxide, 
we provided accurate and reliable speed of sound in high concentration carbon dioxide mixture 
with 6 mol% to 0.2 mol% of propane. The overall maximum standard uncertainty is 
approximately ± 0.15 % and average of ± 0.06 %.  In addition, we firstly provide experimental 
data of speed of sound in pure carbon dioxide over a wide range of temperatures (248.15 to 
373.15) K and pressures up to 200 MPa by extrapolating different compositions of carbon 
dioxide. The maximum intercept error is approximately 3.5 m/s at low temperature and low 
pressure and average intercept error is around 1.5 m/s. The overall average uncertainty of speed 
of sound in pure carbon dioxide was estimated as 0.25 %. By comparing with Span and 
Wagner’s calculation [110], the sound speed uncertainty of carbon dioxide can be slightly 
reduced to 1 % at higher pressure. 
 
7.5 Conclusions of this thesis  
 
The aim of all the work done in this thesis was to provide accurate and reliable thermophysical 
properties for academic or industrial application. The properties measured in this study 
included the speed of sound and density. For the speed of sound measurement, we firstly used 
water as reference fluid to validate our sound speed measurement equipment so called as 
ultrasonic cell. We obtained an outstanding result in comparison with the IAPWS-95 equation 
of state. The accuracy and reliability of equipment over a wide range of temperature, from (248 
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to 473) K, and pressure, up to 400 MPa, were confidently confirmed in favour of other literature 
works. In terms of the high pressure density measurement, we proposed an alternative 
calibration method by using two reference fluids, water and argon, with measurement of period 
of oscillation under vacuum to precisely determine sample density from zero to 1600 kg/m3. In 
comparison with literature data of argon and water, the reliability and accuracy were validated.     
 
There are two systems measured in this study. One is a refrigerant system and the other is 
carbon dioxide system. In refrigerant system, we measured speed of sound in HFP and HFPO 
at pressure up to 400 MPa and temperature between (253 and 473) K and (253 and 403) K, 
respectively. The speed of sound in these substances is first to confidently report in literature 
and the overall standard uncertainty was estimated as 0.8 m·s−1 in HFP and 0.8 m·s−1 for c ≤ 
800 m·s−1 and 0.001c for c > 800 m·s−1 in HFPO. Density of HFP and HFPO was measured at 
pressure up to 70 MPa and temperature from (283 to 473) K and (283 to323) K, respectively. 
The high pressure density of HFP and HFPO is firstly to report in literature and measured 
density is in good agreement with literature at lower pressure, p ≤ 10 MPa. In carbon dioxide 
system, the speed of sound in pure carbon dioxide and high concentration carbon dioxide 
mixture with 6 mol% to 0.2 mol% of propane were measured over a wide range of temperatures 
and at pressure up to (325 and 200) MPa, respectively. The measurement includes liquid and 
supercritical region. In addition, the extrapolating speed of sound in pure carbon dioxide 
calculating by four different molar fraction of carbon dioxide was accurately presented with 
overall standard accuracy of 0.25 %.   
These results should make a valuable contribution to the future development of wide-range 
equations of state for these substances and are an important step in developing an understanding 
of the thermodynamic properties of these fluids. In the future, the final objective will be to 
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devise a wide-range equation of state for HFP, HFPO and carbon dioxide including 
measurement results in this thesis and together with previously published results for density 
and heat capacity. 
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Supplementary Data 
The following tables give the values of density ρ, isobaric specific heat capacity cp, isothermal compressibility κT and isobaric expansivity α of liquid water 
obtained by thermodynamic integration of the speed of sound.   
Table S1. Density ρ of water as a function of temperature T and pressure p.a 
ρ/(kg·m-3) 
p/MPa 253.15 K 263.15 K 273.15 K 283.15 K 293.15 K 303.15 K 313.15 K 323.15 K 333.15 K 343.15 K 353.15 K 363.15 K 
0.1 993.65 998.09 999.85 999.72 998.22 995.64 992.20 988.02 983.19 977.77 971.80 965.32 
10.0 999.85 1003.54 1004.83 1004.41 1002.71 1000.01 996.50 992.30 987.47 982.09 976.19 969.79 
20.0 1005.91 1008.89 1009.75 1009.04 1007.15 1004.34 1000.76 996.52 991.70 986.35 980.51 974.19 
30.0 1011.76 1014.11 1014.55 1013.57 1011.50 1008.57 1004.93 1000.66 995.84 990.52 984.72 978.49 
40.0 1017.42 1019.18 1019.24 1018.01 1015.77 1012.73 1009.01 1004.71 999.89 994.59 988.84 982.67 
50.0 1022.90 1024.12 1023.83 1022.35 1019.95 1016.80 1013.01 1008.69 1003.86 998.58 992.87 986.76 
60.0 1028.21 1028.94 1028.31 1026.61 1024.05 1020.79 1016.94 1012.58 1007.75 1002.49 996.82 990.76 
70.0 1033.35 1033.63 1032.70 1030.78 1028.06 1024.70 1020.79 1016.40 1011.56 1006.31 1000.68 994.68 
80.0 1038.34 1038.21 1036.98 1034.86 1032.00 1028.54 1024.57 1020.15 1015.30 1010.06 1004.46 998.51 
90.0 1043.18 1042.67 1041.18 1038.86 1035.87 1032.32 1028.28 1023.82 1018.97 1013.74 1008.17 1002.26 
100.0 1047.88 1047.03 1045.28 1042.78 1039.66 1036.02 1031.93 1027.44 1022.57 1017.35 1011.81 1005.94 
110.0 1052.44 1051.27 1049.30 1046.62 1043.38 1039.65 1035.51 1030.98 1026.11 1020.90 1015.37 1009.55 
120.0 1056.87 1055.42 1053.23 1050.40 1047.03 1043.22 1039.02 1034.47 1029.58 1024.38 1018.88 1013.09 
130.0 1061.17 1059.47 1057.08 1054.09 1050.62 1046.73 1042.48 1037.90 1033.00 1027.81 1022.32 1016.56 
140.0 1065.36 1063.42 1060.85 1057.72 1054.15 1050.18 1045.88 1041.27 1036.36 1031.17 1025.71 1019.98 
150.0 1069.44 1067.29 1064.54 1061.29 1057.61 1053.58 1049.23 1044.58 1039.66 1034.48 1029.03 1023.33 
160.0 1073.41 1071.07 1068.17 1064.79 1061.02 1056.91 1052.52 1047.85 1042.92 1037.73 1032.30 1026.63 
170.0 1077.29 1074.77 1071.72 1068.22 1064.36 1060.19 1055.75 1051.06 1046.12 1040.94 1035.52 1029.87 
180.0 1081.07 1078.39 1075.20 1071.60 1067.66 1063.43 1058.94 1054.22 1049.27 1044.09 1038.69 1033.07 
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ρ/(kg·m-3) 
p/MPa 253.15 K 263.15 K 273.15 K 283.15 K 293.15 K 303.15 K 313.15 K 323.15 K 333.15 K 343.15 K 353.15 K 363.15 K 
190.0 1084.76 1081.94 1078.63 1074.92 1070.90 1066.61 1062.08 1057.33 1052.37 1047.20 1041.81 1036.21 
200.0 1088.36 1085.41 1081.99 1078.18 1074.08 1069.74 1065.17 1060.40 1055.43 1050.26 1044.88 1039.30 
210.0 1091.89 1088.82 1085.28 1081.39 1077.22 1072.82 1068.22 1063.43 1058.44 1053.27 1047.91 1042.35 
220.0 1095.34 1092.16 1088.53 1084.55 1080.31 1075.86 1071.22 1066.41 1061.41 1056.24 1050.89 1045.35 
230.0 1098.72 1095.44 1091.71 1087.66 1083.36 1078.86 1074.18 1069.35 1064.34 1059.17 1053.83 1048.31 
240.0 1102.03 1098.65 1094.85 1090.72 1086.36 1081.81 1077.10 1072.24 1067.23 1062.06 1056.73 1051.23 
250.0 1105.27 1101.82 1097.93 1093.73 1089.31 1084.72 1079.98 1075.10 1070.08 1064.91 1059.59 1054.10 
260.0 1108.45 1104.92 1100.96 1096.70 1092.22 1087.59 1082.82 1077.92 1072.89 1067.72 1062.41 1056.94 
270.0 1111.58 1107.97 1103.94 1099.62 1095.10 1090.42 1085.63 1080.71 1075.67 1070.50 1065.19 1059.74 
280.0 1114.64 1110.98 1106.88 1102.50 1097.93 1093.22 1088.39 1083.46 1078.41 1073.24 1067.94 1062.50 
290.0 1117.66 1113.93 1109.78 1105.34 1100.72 1095.98 1091.12 1086.17 1081.11 1075.94 1070.65 1065.23 
300.0 1120.62 1116.84 1112.63 1108.15 1103.48 1098.70 1093.82 1088.85 1083.78 1078.61 1073.33 1067.92 
310.0 1123.53 1119.70 1115.44 1110.91 1106.20 1101.39 1096.48 1091.50 1086.42 1081.25 1075.97 1070.58 
320.0 1126.39 1122.52 1118.21 1113.63 1108.89 1104.04 1099.11 1094.11 1089.03 1083.86 1078.59 1073.20 
330.0 1129.20 1125.29 1120.94 1116.32 1111.54 1106.66 1101.71 1096.70 1091.61 1086.43 1081.17 1075.80 
340.0 1131.97 1128.02 1123.64 1118.98 1114.16 1109.25 1104.28 1099.25 1094.15 1088.98 1083.72 1078.36 
350.0 1134.70 1130.72 1126.30 1121.60 1116.75 1111.81 1106.82 1101.77 1096.67 1091.50 1086.24 1080.89 
360.0 1137.38 1133.38 1128.92 1124.19 1119.31 1114.34 1109.33 1104.27 1099.16 1093.98 1088.73 1083.40 
370.0 1140.02 1135.99 1131.51 1126.74 1121.83 1116.84 1111.81 1106.74 1101.62 1096.44 1091.20 1085.87 
380.0 1142.62 1138.58 1134.06 1129.27 1124.33 1119.32 1114.26 1109.18 1104.05 1098.88 1093.64 1088.32 
390.0 1145.18 1141.12 1136.58 1131.76 1126.80 1121.76 1116.69 1111.59 1106.46 1101.28 1096.05 1090.74 
400.0 1147.70 1143.64 1139.08 1134.23 1129.24 1124.18 1119.09 1113.98 1108.84 1103.66 1098.43 1093.14 
a Entries in italics refer to metastable states of liquid water 
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Table S1 (cont.). Density ρ of water as a function of temperature T and pressure p.a 
ρ/(kg·m3) 
p/MPa 373.15 K 383.15 K 393.15 K 403.15 K 413.15 K 423.15 K 433.15 K 443.15 K 453.15 K 463.15 K 473.15 K 
0.1 958.35 950.92 943.04 934.72 925.97 916.78 907.14 897.03 886.42 875.26 863.51 
10.0 962.94 955.64 947.92 939.79 931.25 922.31 912.95 903.16 892.92 882.19 870.94 
20.0 967.44 960.27 952.70 944.74 936.40 927.68 918.57 909.07 899.15 888.80 877.99 
30.0 971.83 964.77 957.34 949.53 941.37 932.85 923.97 914.73 905.10 895.09 884.65 
40.0 976.10 969.16 961.84 954.18 946.18 937.84 929.17 920.16 910.80 901.08 890.98 
50.0 980.27 973.42 966.23 958.70 950.84 942.67 934.19 925.39 916.27 906.81 897.01 
60.0 984.35 977.59 970.49 963.09 955.37 947.36 939.05 930.44 921.53 912.31 902.78 
70.0 988.33 981.65 974.66 967.36 959.77 951.90 943.75 935.32 926.61 917.61 908.32 
80.0 992.22 985.62 978.72 971.53 964.06 956.32 948.32 940.05 931.52 922.72 913.64 
90.0 996.03 989.50 982.69 975.59 968.24 960.62 952.75 944.64 936.27 927.65 918.78 
100.0 999.77 993.31 986.57 979.57 972.31 964.81 957.07 949.10 940.88 932.43 923.75 
110.0 1003.43 997.03 990.37 983.45 976.29 968.90 961.28 953.43 945.36 937.07 928.55 
120.0 1007.01 1000.68 994.08 987.25 980.18 972.89 965.38 957.66 949.72 941.57 933.21 
130.0 1010.53 1004.25 997.73 990.97 983.99 976.79 969.39 961.78 953.97 945.95 937.74 
140.0 1013.99 1007.76 1001.30 994.61 987.71 980.61 973.30 965.80 958.10 950.22 942.14 
150.0 1017.39 1011.21 1004.80 998.19 991.36 984.34 977.13 969.73 962.14 954.37 946.42 
160.0 1020.72 1014.59 1008.25 1001.69 994.94 988.00 980.87 973.56 966.08 958.42 950.60 
170.0 1024.00 1017.92 1011.62 1005.13 998.45 991.58 984.54 977.32 969.94 962.38 954.67 
180.0 1027.23 1021.19 1014.94 1008.51 1001.89 995.10 988.13 981.00 973.71 966.25 958.65 
190.0 1030.41 1024.40 1018.21 1011.83 1005.27 998.54 991.65 984.60 977.40 970.04 962.53 
200.0 1033.53 1027.57 1021.42 1015.09 1008.59 1001.93 995.11 988.14 981.01 973.74 966.33 
210.0 1036.61 1030.68 1024.57 1018.30 1011.85 1005.25 998.50 991.60 984.56 977.37 970.06 
220.0 1039.64 1033.74 1027.68 1021.45 1015.06 1008.52 1001.83 995.00 988.03 980.93 973.70 
230.0 1042.62 1036.76 1030.74 1024.56 1018.22 1011.73 1005.11 998.34 991.45 984.42 977.27 
240.0 1045.56 1039.74 1033.75 1027.61 1021.32 1014.89 1008.33 1001.63 994.80 987.84 980.78 
250.0 1048.46 1042.67 1036.72 1030.62 1024.38 1018.00 1011.49 1004.85 998.09 991.21 984.21 
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ρ/(kg·m3) 
p/MPa 373.15 K 383.15 K 393.15 K 403.15 K 413.15 K 423.15 K 433.15 K 443.15 K 453.15 K 463.15 K 473.15 K 
260.0 1051.32 1045.56 1039.64 1033.59 1027.39 1021.06 1014.61 1008.02 1001.32 994.51 987.59 
270.0 1054.15 1048.41 1042.53 1036.51 1030.36 1024.08 1017.67 1011.15 1004.50 997.75 990.91 
280.0 1056.93 1051.22 1045.37 1039.39 1033.28 1027.04 1020.69 1014.22 1007.63 1000.95 994.16 
290.0 1059.68 1053.99 1048.18 1042.23 1036.16 1029.97 1023.66 1017.24 1010.71 1004.09 997.37 
300.0 1062.39 1056.73 1050.94 1045.03 1039.00 1032.85 1026.59 1020.22 1013.75 1007.18 1000.52 
310.0 1065.07 1059.43 1053.67 1047.80 1041.80 1035.69 1029.48 1023.15 1016.73 1010.22 1003.62 
320.0 1067.71 1062.10 1056.37 1050.52 1044.56 1038.50 1032.32 1026.05 1019.67 1013.21 1006.67 
330.0 1070.32 1064.73 1059.03 1053.22 1047.29 1041.26 1035.13 1028.90 1022.57 1016.16 1009.68 
340.0 1072.90 1067.33 1061.66 1055.87 1049.98 1043.99 1037.90 1031.71 1025.43 1019.07 1012.64 
350.0 1075.45 1069.90 1064.25 1058.50 1052.64 1046.68 1040.63 1034.48 1028.25 1021.94 1015.56 
360.0 1077.97 1072.44 1066.82 1061.09 1055.26 1049.34 1043.32 1037.22 1031.03 1024.76 1018.44 
370.0 1080.46 1074.95 1069.35 1063.65 1057.86 1051.97 1045.99 1039.92 1033.77 1027.55 1021.28 
380.0 1082.92 1077.44 1071.86 1066.18 1060.42 1054.56 1048.61 1042.59 1036.48 1030.30 1024.08 
390.0 1085.36 1079.89 1074.33 1068.68 1062.95 1057.12 1051.21 1045.22 1039.15 1033.02 1026.84 
400.0 1087.77 1082.31 1076.78 1071.16 1065.45 1059.65 1053.77 1047.82 1041.79 1035.70 1029.57 
a Entries in italics refer to metastable states of liquid water 
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Table S2. Isobaric specific heat capacity cp of water as a function of temperature T and pressure p.a 
cp /(J·kg
-1·K-1) 
p/MPa 253.15 K 263.15 K 273.15 K 283.15 K 293.15 K 303.15 K 313.15 K 323.15 K 333.15 K 343.15 K 353.15 K 363.15 K 
0.1 4393 4275 4218 4193 4184 4181 4181 4182 4185 4190 4196 4205 
10.0 4299 4210 4171 4157 4154 4155 4157 4160 4164 4168 4175 4183 
20.0 4216 4151 4127 4123 4126 4131 4135 4139 4143 4148 4154 4162 
30.0 4144 4099 4088 4092 4100 4108 4114 4120 4124 4129 4135 4143 
40.0 4081 4053 4053 4063 4076 4087 4095 4101 4106 4111 4117 4124 
50.0 4025 4011 4021 4038 4054 4067 4076 4083 4089 4094 4100 4107 
60.0 3976 3975 3992 4014 4033 4048 4059 4067 4072 4077 4083 4090 
70.0 3933 3942 3966 3992 4014 4031 4043 4051 4057 4062 4068 4074 
80.0 3895 3913 3942 3972 3997 4015 4028 4036 4042 4047 4053 4059 
90.0 3862 3887 3921 3954 3981 4000 4013 4022 4028 4033 4039 4045 
100.0 3831 3863 3901 3937 3965 3986 4000 4009 4015 4020 4025 4031 
110.0 3804 3841 3884 3922 3952 3973 3987 3996 4003 4008 4012 4018 
120.0 3779 3822 3867 3908 3939 3961 3975 3985 3991 3996 4000 4005 
130.0 3757 3804 3852 3894 3927 3949 3964 3974 3980 3984 3989 3993 
140.0 3736 3787 3839 3882 3915 3939 3954 3963 3969 3973 3977 3982 
150.0 3716 3772 3826 3871 3905 3929 3944 3953 3959 3963 3967 3971 
160.0 3697 3757 3814 3861 3896 3919 3935 3944 3949 3953 3957 3961 
170.0 3680 3744 3803 3851 3887 3911 3926 3935 3940 3944 3947 3951 
180.0 3663 3731 3793 3842 3878 3903 3918 3927 3932 3935 3938 3941 
190.0 3646 3719 3783 3834 3870 3895 3910 3919 3924 3926 3929 3932 
200.0 3630 3707 3774 3826 3863 3888 3903 3911 3916 3918 3921 3923 
210.0 3615 3696 3765 3818 3856 3881 3896 3904 3909 3911 3912 3915 
220.0 3599 3684 3756 3811 3850 3875 3890 3898 3902 3903 3905 3907 
230.0 3584 3674 3748 3805 3844 3870 3884 3892 3895 3896 3897 3899 
240.0 3569 3663 3740 3799 3839 3864 3879 3886 3889 3890 3890 3891 
250.0 3553 3653 3733 3793 3833 3859 3874 3880 3883 3883 3883 3884 
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cp /(J·kg
-1·K-1) 
p/MPa 253.15 K 263.15 K 273.15 K 283.15 K 293.15 K 303.15 K 313.15 K 323.15 K 333.15 K 343.15 K 353.15 K 363.15 K 
260.0 3538 3643 3726 3787 3829 3854 3869 3875 3877 3877 3877 3877 
270.0 3523 3633 3719 3781 3824 3850 3864 3870 3872 3872 3871 3871 
280.0 3508 3623 3712 3776 3820 3846 3860 3866 3867 3866 3865 3864 
290.0 3493 3613 3705 3771 3815 3842 3856 3861 3862 3861 3859 3858 
300.0 3477 3603 3698 3767 3812 3838 3852 3857 3858 3856 3854 3852 
310.0 3462 3593 3692 3762 3808 3835 3849 3854 3854 3851 3849 3847 
320.0 3446 3583 3685 3757 3804 3832 3845 3850 3850 3847 3844 3841 
330.0 3430 3573 3679 3753 3801 3829 3842 3847 3846 3843 3839 3836 
340.0 3415 3563 3673 3749 3798 3826 3840 3844 3842 3838 3834 3831 
350.0 3398 3553 3666 3745 3795 3823 3837 3841 3839 3835 3830 3826 
360.0 3382 3543 3660 3741 3792 3821 3834 3838 3836 3831 3826 3822 
370.0 3365 3533 3654 3737 3789 3819 3832 3835 3833 3828 3822 3817 
380.0 3348 3522 3647 3733 3786 3816 3830 3833 3830 3824 3818 3813 
390.0 3331 3512 3641 3729 3784 3814 3828 3831 3827 3821 3815 3809 
400.0 3314 3501 3635 3725 3781 3812 3826 3829 3825 3818 3811 3805 
a Entries in italics refer to metastable states of liquid water 
 
 
161 
 
Table S2 (cont.). Isobaric specific heat capacity cp of water as a function of temperature T and pressure p.a 
cp /(J·kg
-1·K-1) 
p/MPa 373.15 K 383.15 K 393.15 K 403.15 K 413.15 K 423.15 K 433.15 K 443.15 K 453.15 K 463.15 K 473.15 K 
0.1 4216 4229 4245 4264 4285 4309 4337 4369 4407 4452 4507 
10.0 4193 4206 4221 4238 4257 4279 4303 4331 4364 4402 4449 
20.0 4172 4184 4198 4214 4231 4250 4272 4296 4324 4358 4398 
30.0 4152 4163 4176 4191 4207 4224 4243 4264 4289 4318 4353 
40.0 4133 4144 4156 4169 4184 4199 4217 4236 4257 4282 4313 
50.0 4115 4125 4136 4149 4162 4177 4192 4209 4228 4250 4277 
60.0 4098 4108 4118 4130 4142 4155 4169 4184 4201 4221 4245 
70.0 4082 4091 4101 4112 4123 4135 4148 4161 4176 4194 4215 
80.0 4066 4075 4084 4095 4105 4116 4128 4140 4153 4169 4188 
90.0 4052 4060 4069 4078 4088 4099 4109 4120 4132 4146 4163 
100.0 4038 4045 4054 4063 4072 4082 4091 4101 4112 4124 4140 
110.0 4024 4032 4040 4048 4057 4066 4074 4083 4093 4104 4118 
120.0 4011 4018 4026 4034 4042 4050 4058 4066 4075 4085 4098 
130.0 3999 4006 4013 4021 4028 4036 4043 4050 4058 4067 4079 
140.0 3987 3994 4001 4008 4015 4022 4029 4035 4042 4051 4061 
150.0 3976 3982 3989 3995 4002 4009 4015 4021 4027 4035 4044 
160.0 3965 3971 3977 3984 3990 3996 4002 4007 4013 4020 4028 
170.0 3955 3960 3966 3972 3978 3984 3989 3994 3999 4005 4013 
180.0 3945 3950 3956 3961 3967 3972 3977 3982 3986 3991 3998 
190.0 3936 3940 3945 3951 3956 3961 3966 3970 3974 3978 3985 
200.0 3927 3931 3936 3941 3946 3950 3954 3958 3962 3966 3972 
210.0 3918 3922 3926 3931 3936 3940 3944 3947 3950 3954 3959 
220.0 3909 3913 3917 3922 3926 3930 3933 3936 3939 3942 3947 
230.0 3901 3904 3908 3913 3917 3920 3924 3926 3929 3931 3935 
240.0 3893 3896 3900 3904 3908 3911 3914 3916 3918 3921 3925 
250.0 3886 3888 3892 3895 3899 3902 3905 3907 3909 3911 3914 
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cp /(J·kg
-1·K-1) 
p/MPa 373.15 K 383.15 K 393.15 K 403.15 K 413.15 K 423.15 K 433.15 K 443.15 K 453.15 K 463.15 K 473.15 K 
260.0 3878 3881 3884 3887 3891 3894 3896 3898 3899 3901 3904 
270.0 3871 3873 3876 3879 3883 3885 3887 3889 3890 3892 3894 
280.0 3865 3866 3869 3872 3875 3877 3879 3881 3882 3883 3885 
290.0 3858 3860 3862 3864 3867 3869 3871 3872 3873 3874 3876 
300.0 3852 3853 3855 3857 3860 3862 3863 3864 3865 3866 3868 
310.0 3846 3847 3848 3850 3853 3855 3856 3857 3857 3858 3860 
320.0 3840 3840 3842 3844 3846 3847 3849 3849 3850 3850 3852 
330.0 3835 3834 3835 3837 3839 3841 3842 3842 3843 3843 3845 
340.0 3829 3829 3829 3831 3832 3834 3835 3835 3836 3836 3837 
350.0 3824 3823 3823 3825 3826 3827 3828 3829 3829 3829 3831 
360.0 3819 3818 3818 3819 3820 3821 3822 3822 3822 3823 3824 
370.0 3814 3812 3812 3813 3814 3815 3816 3816 3816 3816 3818 
380.0 3809 3807 3807 3807 3808 3809 3810 3810 3810 3810 3812 
390.0 3805 3803 3802 3802 3803 3803 3804 3804 3804 3805 3806 
400.0 3801 3798 3797 3797 3797 3798 3798 3799 3799 3799 3800 
a Entries in italics refer to metastable states of liquid water 
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Table S3. Isothermal compressibility κT of water as a function of temperature T and pressure p.a 
κT/(10·GPa-1) 
p/MPa 253.15 K 263.15 K 273.15 K 283.15 K 293.15 K 303.15 K 313.15 K 323.15 K 333.15 K 343.15 K 353.15 K 363.15 K 
0.1 6.416 5.587 5.091 4.783 4.592 4.479 4.425 4.417 4.449 4.515 4.614 4.744 
10.0 6.157 5.407 4.949 4.660 4.477 4.368 4.314 4.304 4.330 4.390 4.479 4.597 
20.0 5.914 5.235 4.811 4.540 4.366 4.261 4.208 4.195 4.217 4.271 4.352 4.460 
30.0 5.687 5.070 4.679 4.424 4.259 4.158 4.105 4.092 4.111 4.158 4.233 4.332 
40.0 5.473 4.913 4.551 4.312 4.156 4.059 4.008 3.993 4.009 4.052 4.120 4.212 
50.0 5.273 4.764 4.428 4.204 4.056 3.964 3.913 3.898 3.911 3.951 4.013 4.098 
60.0 5.082 4.620 4.311 4.101 3.961 3.872 3.824 3.808 3.820 3.856 3.914 3.992 
70.0 4.902 4.483 4.197 4.001 3.869 3.784 3.738 3.721 3.731 3.764 3.818 3.891 
80.0 4.731 4.352 4.088 3.905 3.780 3.700 3.655 3.638 3.647 3.678 3.728 3.796 
90.0 4.569 4.226 3.983 3.812 3.695 3.618 3.575 3.559 3.567 3.595 3.642 3.706 
100.0 4.415 4.106 3.882 3.723 3.612 3.540 3.499 3.483 3.490 3.516 3.560 3.620 
110.0 4.269 3.991 3.786 3.637 3.534 3.465 3.426 3.411 3.417 3.442 3.483 3.539 
120.0 4.132 3.881 3.693 3.555 3.458 3.393 3.356 3.341 3.347 3.370 3.408 3.462 
130.0 4.001 3.777 3.604 3.476 3.385 3.324 3.288 3.274 3.279 3.301 3.338 3.388 
140.0 3.879 3.677 3.519 3.400 3.314 3.257 3.223 3.210 3.215 3.235 3.270 3.318 
150.0 3.763 3.581 3.436 3.326 3.246 3.192 3.161 3.148 3.152 3.172 3.205 3.250 
160.0 3.653 3.490 3.358 3.256 3.181 3.131 3.100 3.088 3.093 3.111 3.143 3.186 
170.0 3.550 3.404 3.283 3.189 3.119 3.071 3.043 3.032 3.035 3.053 3.083 3.125 
180.0 3.453 3.322 3.211 3.124 3.059 3.014 2.987 2.976 2.980 2.997 3.026 3.065 
190.0 3.362 3.243 3.142 3.061 3.000 2.958 2.933 2.923 2.927 2.943 2.970 3.008 
200.0 3.275 3.169 3.076 3.001 2.945 2.905 2.881 2.872 2.876 2.891 2.917 2.954 
210.0 3.193 3.097 3.013 2.943 2.890 2.853 2.831 2.822 2.826 2.841 2.866 2.901 
220.0 3.116 3.029 2.952 2.888 2.839 2.804 2.783 2.775 2.778 2.793 2.817 2.851 
230.0 3.043 2.964 2.894 2.834 2.788 2.756 2.736 2.729 2.732 2.746 2.770 2.802 
240.0 2.973 2.902 2.838 2.783 2.740 2.710 2.691 2.684 2.688 2.701 2.724 2.755 
250.0 2.907 2.843 2.784 2.734 2.694 2.665 2.648 2.642 2.645 2.658 2.680 2.710 
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κT/(10·GPa-1) 
p/MPa 253.15 K 263.15 K 273.15 K 283.15 K 293.15 K 303.15 K 313.15 K 323.15 K 333.15 K 343.15 K 353.15 K 363.15 K 
260.0 2.844 2.786 2.732 2.685 2.648 2.622 2.605 2.599 2.603 2.616 2.637 2.666 
270.0 2.784 2.732 2.682 2.639 2.605 2.580 2.565 2.559 2.563 2.575 2.596 2.623 
280.0 2.727 2.680 2.635 2.595 2.563 2.539 2.525 2.520 2.524 2.536 2.556 2.583 
290.0 2.672 2.630 2.589 2.552 2.522 2.500 2.487 2.483 2.486 2.498 2.517 2.543 
300.0 2.619 2.582 2.544 2.510 2.482 2.462 2.450 2.446 2.449 2.461 2.479 2.504 
310.0 2.568 2.535 2.502 2.470 2.444 2.425 2.414 2.410 2.414 2.425 2.443 2.468 
320.0 2.519 2.491 2.460 2.431 2.407 2.390 2.379 2.376 2.380 2.391 2.408 2.432 
330.0 2.472 2.448 2.420 2.394 2.371 2.355 2.345 2.342 2.346 2.357 2.374 2.397 
340.0 2.426 2.406 2.381 2.357 2.336 2.321 2.312 2.309 2.313 2.324 2.340 2.363 
350.0 2.382 2.366 2.344 2.322 2.303 2.289 2.280 2.278 2.282 2.292 2.308 2.330 
360.0 2.339 2.327 2.307 2.287 2.270 2.256 2.249 2.247 2.251 2.261 2.276 2.297 
370.0 2.298 2.289 2.273 2.255 2.238 2.226 2.219 2.217 2.221 2.231 2.247 2.267 
380.0 2.258 2.252 2.238 2.222 2.207 2.196 2.189 2.188 2.192 2.202 2.217 2.236 
390.0 2.218 2.217 2.205 2.191 2.177 2.167 2.161 2.160 2.164 2.173 2.188 2.207 
400.0 2.180 2.182 2.173 2.160 2.148 2.138 2.133 2.132 2.136 2.145 2.160 2.178 
a Entries in italics refer to metastable states of liquid water. 
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Table S3 (cont.). Isothermal compressibility κT of water as a function of temperature T and pressure p.a 
κT/(10·GPa-1) 
p/MPa 373.15 K 383.15 K 393.15 K 403.15 K 413.15 K 423.15 K 433.15 K 443.15 K 453.15 K 463.15 K 473.15 K 
0.1 4.904 5.095 5.318 5.577 5.875 6.218 6.614 7.073 7.608 8.237 8.981 
10.0 4.743 4.917 5.120 5.355 5.624 5.932 6.285 6.690 7.159 7.703 8.340 
20.0 4.593 4.753 4.939 5.153 5.397 5.675 5.992 6.354 6.768 7.245 7.797 
30.0 4.455 4.601 4.772 4.968 5.192 5.445 5.732 6.057 6.427 6.848 7.332 
40.0 4.325 4.460 4.618 4.799 5.004 5.235 5.496 5.791 6.123 6.500 6.928 
50.0 4.203 4.328 4.474 4.641 4.830 5.043 5.282 5.550 5.851 6.189 6.571 
60.0 4.090 4.206 4.342 4.497 4.672 4.868 5.088 5.334 5.608 5.914 6.258 
70.0 3.983 4.091 4.218 4.362 4.525 4.707 4.909 5.135 5.386 5.665 5.977 
80.0 3.881 3.983 4.101 4.236 4.388 4.557 4.745 4.953 5.184 5.440 5.723 
90.0 3.786 3.882 3.992 4.119 4.260 4.418 4.593 4.786 4.999 5.234 5.494 
100.0 3.696 3.786 3.890 4.008 4.141 4.289 4.452 4.631 4.829 5.046 5.285 
110.0 3.611 3.695 3.794 3.905 4.030 4.168 4.321 4.489 4.673 4.874 5.095 
120.0 3.529 3.609 3.702 3.807 3.924 4.054 4.198 4.355 4.526 4.714 4.919 
130.0 3.452 3.528 3.616 3.715 3.826 3.948 4.083 4.230 4.391 4.566 4.757 
140.0 3.378 3.450 3.533 3.627 3.732 3.848 3.975 4.113 4.264 4.428 4.607 
150.0 3.308 3.376 3.455 3.544 3.643 3.753 3.872 4.003 4.145 4.299 4.466 
160.0 3.241 3.306 3.381 3.466 3.560 3.663 3.777 3.900 4.034 4.179 4.337 
170.0 3.177 3.239 3.310 3.391 3.480 3.579 3.686 3.803 3.930 4.067 4.215 
180.0 3.115 3.174 3.242 3.319 3.404 3.498 3.600 3.710 3.830 3.960 4.100 
190.0 3.056 3.112 3.177 3.251 3.332 3.421 3.518 3.623 3.737 3.859 3.992 
200.0 2.999 3.053 3.116 3.186 3.263 3.348 3.440 3.541 3.649 3.765 3.891 
210.0 2.945 2.996 3.056 3.123 3.197 3.278 3.366 3.462 3.564 3.675 3.795 
220.0 2.892 2.942 2.999 3.063 3.134 3.212 3.296 3.387 3.485 3.591 3.705 
230.0 2.842 2.890 2.945 3.006 3.074 3.148 3.229 3.316 3.409 3.510 3.619 
240.0 2.794 2.840 2.892 2.951 3.017 3.088 3.165 3.248 3.338 3.434 3.538 
250.0 2.747 2.791 2.842 2.899 2.962 3.030 3.104 3.184 3.270 3.362 3.461 
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κT/(10·GPa-1) 
p/MPa 373.15 K 383.15 K 393.15 K 403.15 K 413.15 K 423.15 K 433.15 K 443.15 K 453.15 K 463.15 K 473.15 K 
260.0 2.702 2.744 2.793 2.848 2.908 2.973 3.044 3.121 3.203 3.291 3.387 
270.0 2.658 2.699 2.746 2.799 2.857 2.920 2.988 3.061 3.140 3.225 3.316 
280.0 2.616 2.656 2.701 2.752 2.808 2.869 2.934 3.005 3.081 3.162 3.250 
290.0 2.575 2.614 2.657 2.706 2.760 2.819 2.882 2.950 3.023 3.101 3.186 
300.0 2.536 2.573 2.615 2.662 2.714 2.770 2.831 2.897 2.967 3.043 3.124 
310.0 2.498 2.534 2.574 2.620 2.670 2.725 2.784 2.847 2.915 2.988 3.066 
320.0 2.461 2.495 2.535 2.579 2.628 2.680 2.737 2.798 2.864 2.934 3.010 
330.0 2.425 2.459 2.497 2.540 2.587 2.638 2.693 2.752 2.815 2.883 2.956 
340.0 2.390 2.423 2.460 2.501 2.547 2.596 2.649 2.706 2.767 2.833 2.904 
350.0 2.357 2.388 2.424 2.464 2.508 2.556 2.608 2.663 2.722 2.786 2.854 
360.0 2.323 2.354 2.389 2.428 2.470 2.517 2.567 2.620 2.677 2.739 2.805 
370.0 2.292 2.322 2.356 2.393 2.435 2.480 2.528 2.580 2.636 2.695 2.760 
380.0 2.261 2.290 2.323 2.359 2.400 2.443 2.490 2.541 2.595 2.652 2.715 
390.0 2.231 2.259 2.291 2.327 2.366 2.408 2.454 2.503 2.555 2.611 2.672 
400.0 2.202 2.229 2.260 2.295 2.333 2.374 2.418 2.466 2.517 2.572 2.630 
a Entries in italics refer to metastable states of liquid water. 
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Table S4. Isobaric expansivity α of water as a function of temperature T and pressure p.a 
α/(10-4·K-1) 
p/MPa 253.15 K 263.15 K 273.15 K 283.15 K 293.15 K 303.15 K 313.15 K 323.15 K 333.15 K 343.15 K 353.15 K 363.15 K 
0.1 -6.20 -2.94 -0.71 0.88 2.09 3.05 3.86 4.57 5.22 5.83 6.41 6.97 
10.0 -5.22 -2.34 -0.34 1.11 2.22 3.12 3.88 4.56 5.17 5.75 6.30 6.83 
20.0 -4.33 -1.79 0.01 1.33 2.36 3.20 3.91 4.55 5.14 5.68 6.21 6.71 
30.0 -3.53 -1.27 0.34 1.55 2.50 3.28 3.95 4.55 5.10 5.62 6.12 6.59 
40.0 -2.80 -0.80 0.65 1.75 2.62 3.35 3.98 4.55 5.08 5.57 6.04 6.49 
50.0 -2.17 -0.39 0.92 1.93 2.73 3.41 4.01 4.54 5.04 5.51 5.95 6.38 
60.0 -1.56 0.02 1.20 2.11 2.86 3.49 4.05 4.55 5.02 5.47 5.89 6.30 
70.0 -1.03 0.38 1.44 2.28 2.97 3.56 4.08 4.55 5.00 5.42 5.82 6.21 
80.0 -0.57 0.70 1.67 2.43 3.07 3.61 4.10 4.55 4.97 5.37 5.76 6.13 
90.0 -0.14 1.00 1.88 2.58 3.16 3.67 4.13 4.56 4.96 5.34 5.70 6.06 
100.0 0.25 1.28 2.07 2.71 3.25 3.73 4.16 4.56 4.94 5.30 5.65 5.99 
110.0 0.59 1.53 2.26 2.85 3.35 3.79 4.19 4.57 4.92 5.27 5.60 5.92 
120.0 0.90 1.76 2.42 2.96 3.43 3.84 4.21 4.57 4.91 5.23 5.55 5.86 
130.0 1.17 1.97 2.58 3.08 3.51 3.89 4.24 4.58 4.90 5.20 5.51 5.80 
140.0 1.42 2.15 2.72 3.18 3.58 3.94 4.26 4.58 4.88 5.17 5.46 5.75 
150.0 1.62 2.32 2.85 3.27 3.64 3.97 4.28 4.58 4.86 5.14 5.42 5.69 
160.0 1.81 2.47 2.97 3.37 3.71 4.02 4.30 4.58 4.85 5.12 5.38 5.64 
170.0 1.99 2.62 3.08 3.46 3.77 4.06 4.33 4.59 4.84 5.10 5.35 5.60 
180.0 2.15 2.75 3.19 3.54 3.83 4.10 4.35 4.59 4.83 5.07 5.31 5.55 
190.0 2.28 2.86 3.28 3.61 3.88 4.13 4.36 4.59 4.82 5.05 5.28 5.50 
200.0 2.40 2.96 3.37 3.67 3.93 4.16 4.38 4.60 4.81 5.03 5.24 5.46 
210.0 2.51 3.06 3.44 3.73 3.98 4.19 4.39 4.60 4.80 5.00 5.21 5.42 
220.0 2.60 3.14 3.52 3.79 4.02 4.22 4.41 4.60 4.79 4.98 5.18 5.38 
230.0 2.69 3.22 3.59 3.85 4.06 4.25 4.42 4.60 4.78 4.96 5.15 5.34 
240.0 2.77 3.30 3.65 3.90 4.10 4.27 4.44 4.60 4.77 4.95 5.13 5.31 
250.0 2.84 3.37 3.71 3.95 4.14 4.30 4.46 4.61 4.77 4.93 5.10 5.28 
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α/(10-4·K-1) 
p/MPa 253.15 K 263.15 K 273.15 K 283.15 K 293.15 K 303.15 K 313.15 K 323.15 K 333.15 K 343.15 K 353.15 K 363.15 K 
260.0 2.90 3.42 3.76 3.99 4.17 4.32 4.46 4.61 4.76 4.91 5.07 5.24 
270.0 2.95 3.47 3.81 4.03 4.20 4.34 4.47 4.61 4.75 4.89 5.05 5.21 
280.0 3.01 3.53 3.86 4.07 4.23 4.36 4.49 4.61 4.74 4.88 5.03 5.18 
290.0 3.05 3.57 3.90 4.11 4.26 4.38 4.50 4.61 4.73 4.87 5.00 5.15 
300.0 3.08 3.61 3.93 4.14 4.28 4.40 4.50 4.61 4.72 4.85 4.98 5.12 
310.0 3.12 3.65 3.97 4.17 4.31 4.41 4.51 4.61 4.72 4.84 4.96 5.09 
320.0 3.14 3.68 4.00 4.20 4.33 4.43 4.52 4.61 4.71 4.82 4.94 5.07 
330.0 3.17 3.71 4.03 4.23 4.35 4.44 4.53 4.61 4.71 4.81 4.92 5.04 
340.0 3.18 3.73 4.05 4.24 4.36 4.45 4.53 4.61 4.69 4.79 4.90 5.01 
350.0 3.20 3.76 4.08 4.27 4.39 4.47 4.54 4.61 4.69 4.78 4.88 4.99 
360.0 3.20 3.77 4.10 4.28 4.40 4.47 4.54 4.60 4.68 4.76 4.86 4.96 
370.0 3.22 3.79 4.12 4.31 4.42 4.49 4.55 4.61 4.68 4.75 4.84 4.94 
380.0 3.22 3.80 4.14 4.32 4.43 4.50 4.55 4.60 4.67 4.74 4.82 4.92 
390.0 3.21 3.81 4.15 4.34 4.44 4.50 4.55 4.60 4.66 4.73 4.81 4.90 
400.0 3.20 3.82 4.16 4.35 4.45 4.51 4.56 4.60 4.65 4.71 4.79 4.88 
a Entries in italics refer to metastable states of liquid water. 
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Table S4 (cont.). Isobaric expansivity α of water as a function of temperature T and pressure p.a 
α/(10-4·K-1) 
p/MPa 373.15 K 383.15 K 393.15 K 403.15 K 413.15 K 423.15 K 433.15 K 443.15 K 453.15 K 463.15 K 473.15 K 
0.1 7.52 8.05 8.59 9.13 9.69 10.27 10.88 11.54 12.27 13.08 13.98 
10.0 7.35 7.85 8.36 8.86 9.38 9.92 10.48 11.08 11.73 12.44 13.23 
20.0 7.20 7.68 8.15 8.63 9.11 9.61 10.13 10.68 11.26 11.90 12.60 
30.0 7.06 7.51 7.96 8.41 8.87 9.33 9.81 10.32 10.85 11.42 12.04 
40.0 6.93 7.36 7.79 8.21 8.64 9.07 9.52 9.99 10.48 11.00 11.55 
50.0 6.80 7.21 7.62 8.02 8.42 8.83 9.25 9.68 10.14 10.61 11.12 
60.0 6.70 7.09 7.47 7.85 8.24 8.62 9.02 9.42 9.84 10.27 10.73 
70.0 6.59 6.96 7.33 7.69 8.06 8.42 8.79 9.17 9.56 9.96 10.39 
80.0 6.49 6.85 7.20 7.54 7.89 8.23 8.58 8.94 9.30 9.68 10.07 
90.0 6.40 6.74 7.07 7.41 7.73 8.06 8.39 8.73 9.07 9.42 9.78 
100.0 6.32 6.64 6.96 7.28 7.59 7.90 8.21 8.53 8.85 9.18 9.52 
110.0 6.24 6.55 6.86 7.16 7.46 7.75 8.05 8.35 8.66 8.97 9.29 
120.0 6.16 6.46 6.75 7.04 7.33 7.61 7.90 8.18 8.47 8.76 9.06 
130.0 6.09 6.38 6.66 6.93 7.21 7.48 7.75 8.02 8.30 8.57 8.86 
140.0 6.02 6.30 6.57 6.83 7.09 7.35 7.61 7.87 8.13 8.40 8.67 
150.0 5.96 6.22 6.48 6.73 6.98 7.23 7.48 7.73 7.98 8.23 8.48 
160.0 5.90 6.15 6.40 6.64 6.89 7.12 7.36 7.60 7.84 8.08 8.32 
170.0 5.84 6.08 6.32 6.56 6.79 7.02 7.25 7.48 7.70 7.93 8.16 
180.0 5.78 6.02 6.24 6.47 6.70 6.92 7.14 7.35 7.57 7.79 8.01 
190.0 5.73 5.95 6.17 6.39 6.61 6.82 7.03 7.24 7.45 7.66 7.87 
200.0 5.68 5.89 6.11 6.32 6.53 6.73 6.93 7.14 7.34 7.54 7.74 
210.0 5.63 5.83 6.04 6.24 6.44 6.64 6.84 7.03 7.22 7.42 7.61 
220.0 5.58 5.78 5.98 6.18 6.37 6.56 6.75 6.94 7.12 7.31 7.49 
230.0 5.54 5.73 5.92 6.11 6.30 6.48 6.66 6.84 7.02 7.20 7.37 
240.0 5.49 5.68 5.86 6.05 6.23 6.41 6.58 6.76 6.93 7.10 7.27 
250.0 5.46 5.64 5.81 5.99 6.17 6.34 6.51 6.68 6.84 7.00 7.17 
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α/(10-4·K-1) 
p/MPa 373.15 K 383.15 K 393.15 K 403.15 K 413.15 K 423.15 K 433.15 K 443.15 K 453.15 K 463.15 K 473.15 K 
260.0 5.41 5.58 5.76 5.93 6.10 6.26 6.43 6.59 6.75 6.90 7.06 
270.0 5.37 5.54 5.70 5.87 6.03 6.20 6.36 6.51 6.66 6.81 6.96 
280.0 5.34 5.50 5.66 5.82 5.98 6.14 6.29 6.44 6.59 6.73 6.88 
290.0 5.30 5.46 5.61 5.77 5.92 6.07 6.22 6.37 6.51 6.65 6.78 
300.0 5.26 5.41 5.56 5.71 5.86 6.01 6.15 6.29 6.43 6.56 6.70 
310.0 5.23 5.38 5.52 5.67 5.81 5.96 6.09 6.23 6.36 6.49 6.62 
320.0 5.20 5.34 5.48 5.62 5.76 5.90 6.03 6.17 6.29 6.42 6.54 
330.0 5.17 5.30 5.44 5.58 5.71 5.85 5.98 6.11 6.23 6.35 6.46 
340.0 5.14 5.27 5.40 5.53 5.66 5.79 5.92 6.04 6.16 6.28 6.39 
350.0 5.11 5.23 5.36 5.49 5.62 5.74 5.87 5.99 6.10 6.21 6.32 
360.0 5.08 5.19 5.32 5.44 5.57 5.69 5.81 5.92 6.03 6.14 6.24 
370.0 5.05 5.17 5.29 5.41 5.53 5.65 5.76 5.87 5.98 6.08 6.18 
380.0 5.02 5.13 5.25 5.37 5.48 5.60 5.71 5.82 5.92 6.02 6.11 
390.0 5.00 5.10 5.22 5.33 5.44 5.55 5.66 5.77 5.87 5.96 6.05 
400.0 4.97 5.07 5.18 5.29 5.40 5.51 5.62 5.72 5.81 5.90 5.99 
a Entries in italics refer to metastable states of liquid water. 
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Engineering drawing: Circulation pump  
(All dimensions are in mm)  
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Engineering drawing: Variable volume cell  
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